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”I’d put my money on the sun and solar energy. What a source of

power! I hope we don’t have to wait until oil and coal run out before

we tackle that. I wish I had more years left.”

Thomas Alva Edison, 1931
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Abstract

Time-resolved photoluminescence has become a commonly used tool to mainly deter-

mine charge-carrier lifetimes in metal halide perovskites. In this thesis, I investigate

photoluminescence transients regarding radiative and non-radiative charge-carrier

recombination as well as charge-carrier separation by diffusion. Additionally, I fo-

cus on the so-called photon recycling effect. Photon recycling refers to the self-

absorption of photons, which have been generated by radiative recombination of

excited states, within the absorber material itself. As photon recycling is directly

linked with the radiative recombination process, the presence of photon recycling

is actually masked and not obvious in photoluminescence transients. Here, I re-

veal the presence of photon recycling in thin-film perovskites by reporting that the

obtained apparent radiative recombination rate can be manipulated by modifying

only the optical design of the sample stack; i. e. tuning the probability of photon

reabsorption in the absorber layer by altering the light management in the stacks.

Furthermore, perovskite single crystals have been investigated by time-resolved

photoluminescence to study the impact of reabsorption in more detail. I show that

photon recycling supports the preservation of charge carriers but does not enable

efficient charge-carrier transportation over long distances. Spectral shifts observed

in the transient measurements are the result of altering reabsorption characteristics

as the recombination zone expands over time into the bulk mainly as a consequence

of charge-carrier diffusion.

Understanding photon recycling and recombination processes is important for

photovoltaic devices as these mechanisms affect the open-circuit voltage. Based

only on the findings from time-resolved photoluminescence, I demonstrate how to

predict the maximum attainable open-circuit voltage, which the investigated per-

ovskite absorber layer embedded in a solar cell stack could ideally provide. This
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Abstract

approach helps to estimate the photovoltaic potential of any absorber layer based

on its material quality without the need of fabricating an entire solar cell first.
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Zusammenfassung

Zeitaufgelöste Photolumineszenz ist eine häufig verwendete Methode, um Lebens-

dauern von Ladungsträgern in Metall Halogenid Perowskitverbindungen zu bestim-

men. In der vorliegenden Dissertation werden anhand von Photolumineszenz-Tran-

sienten die strahlende und nicht-strahlende Rekombination sowie die durch Diffusion

bedingte Ladungsträgerseparation untersucht. Zusätzlich wird die Bedeutung des so

genannten Photon Recycling Effekt hervorgehoben. Dieser Vorgang beschreibt die

Reabsorption von Photonen, die aufgrund von strahlender Rekombination von an-

geregten Zuständen im Absorbermaterial generiert wurden. Da Photon Recycling

als intrinsischer Effekt an den strahlenden Rekombinationsprozess gekoppelt ist,

wird dessen Existenz nicht direkt am Verlauf der Transienten erkennbar. In der vor-

liegenden Arbeit wird gezeigt, dass die gemessene (scheinbare) strahlende Rekombi-

nationsrate durch den optischen Aufbau der untersuchten Schichtstapel manipuliert

werden kann; d. h. die Wahrscheinlichkeit, dass entsendete Photonen durch Ab-

sorption in der aktiven Schicht wieder in Ladungsträger umgewandelt werden, wird

durch die Lichtführung innerhalb des Schichtstapels beeinflusst.

Des Weiteren werden Perowskit-Einkristalle mit zeitaufgelöster Photolumi-

neszenz charakterisiert, um Reabsorption besser verstehen zu können. Es wird

aufgezeigt, dass Photon Recycling effektiv eine längere Erhaltung der Ladungsträger-

population bewirkt, aber dabei die Ladungsträger nicht effizient über weite Strecken

innerhalb der Kristalle zu transportieren vermag. Zeitliche Änderungen der Form

der Photoluminezenz-Spektren sind durch Reabsorptionsvorgänge erklärbar, da sich

die Rekombinationszone aufgrund von Ladungsträgerdiffusion mit der Zeit ins Vo-

lumen des Kristalls ausbreitet.

Rekombination sowie Photon Recycling haben Einfluss auf eine wichtige Kenn-

größe photovoltaischer Zellen, die offene Klemmspannung. Basierend auf den Er-

3



Zusammenfassung

kenntnissen aus der zeitaufgelösten Photolumineszenz einer Perowskitdünnschicht,

wird eine Methode entwickelt, welche es erlaubt die maximal erreichbare offene

Klemmspannung abzuschätzen, welche diese Dünnschicht - eingebettet in einer bei-

spielhaften Solarzelle - idealerweise bereitstellen könnte. Anhand dieser Methode

kann das photovoltaische Potential einer beliebigen Absorberschicht bereits an-

hand ihrer Materialqualität abgeschätzt werden ohne eine vollständige Solarzelle

herstellen zu müssen.
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1 Introduction

Photovoltaics is considered one of the key technologies for providing a sustainable

source of electric power. The most common solar cell technology on the market

is based on pn-junction type (poly-)crystalline silicon. Over the last decades, dif-

ferent material combinations and working principles, e. g. dye-sensitized, organic,

and quantum dot solar cells, have also become subject of photovoltaic research.

Within the last few years, organic metal halide perovskites have rapidly evolved

as promising opto-electronic material class [1,2] because they provide many benefi-

cial features. Perovskite absorber materials are typically composed of cheap, earth

abundant elements like halogens and heavy metals. Substitution of specific elements

allows to tune the band gap over a wide range [3,4], which makes perovskites a suit-

able counterpart to established photovoltaic materials in tandem solar cells [5–7].

Due to their high absorption coefficients, thin films of some hundreds of nanometers

are already sufficient to efficiently ”harvest” sun light [8]. Beside savings in mate-

rial amount, production costs can be hold down because perovskite solar cells can

mainly be fabricated from solution at low temperatures and still exhibit high mate-

rial quality and performance [9, 10]. Exceptionally long charge-carrier lifetimes for

solution-processed materials of several microseconds [11] in combination with high

luminescence quantum yields [11, 12] allow to easily apply time-resolved photolu-

minescence as non-destructive tool to study charge-carrier processes in perovskites.

First, excess-charge carriers need to be photo-generated by applying a short laser

pulse. Shortly after, excited states will recombine over time resulting in a continuous

decrease of the charge-carrier concentration until equilibrium conditions are reached

again. Recorded photoluminescence transients reflect the charge-carrier decay and

are therefore commonly analyzed for estimating charge-carrier lifetimes.

The scope of this thesis is to reveal the multiple processes that charge car-

7
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riers experience in organic-inorganic perovskite thin films and single crystals by

applying time-resolved photoluminescence. Apart from investigating recombination

processes, special attention is directed on so called photon recycling. This intrin-

sic effect describes the reabsorption of photons, which are internally emitted upon

radiative recombination of electron-hole pairs, by the absorber layer itself and af-

fects directly e. g. the open-circuit voltage of perovskite solar cells [13]. Due to its

dependency on radiative recombination, the impact of photon recycling on photolu-

minescence transients is masked by overlaying recombination processes and is only

revealed by simulations. In the following, the structure of this thesis is presented.

First, Chapter 2 explains the basic electronic structure of semiconductors and

provides an overview of diverse transition processes, i. e. either generation or re-

combination of excited states. Furthermore, the theory of an important photovoltaic

parameter, the open-circuit voltage, which is limited by radiative and especially non-

radiative recombination, is covered. Transient photoluminescence is introduced as a

powerful tool in more detail to reveal recombination rates but also charge-separation

processes.

Chapter 3 gives insight to the emerging class of organo-metal halide per-

ovskites as opto-electronic semiconducting materials. The sample preparation from

solution is described and structural, morphological and fundamental material prop-

erties are investigated.

In Chapter 4, photoluminescence transients are analyzed in detail to under-

stand recombination characteristics in perovskite thin films. I develop a comprehen-

sive model that is additionally able to explain the impact of doping and the photon

recycling effect on observed recombination kinetics which shape the measured pho-

toluminescence transients. Furthermore, long charge-carrier lifetimes are revealed,

which indicate that solution-processed perovskites exhibit high material quality with

low amounts of defects in the bulk and also at the surfaces. Moreover, I demonstrate

that - without processing a complete solar cell - the photovoltaic potential in terms

of the attainable open-circuit voltage can be predicted for the investigated absorber

layer based on the findings from time-resolved photoluminescence.

Chapter 5 focuses on photoluminescence transients obtained from perovskite

single crystals. Thick samples are suited to study besides recombination processes

8



also charge-carrier transport processes like diffusion and photon recycling in more

detail. While diffusion is identified as the dominant transport mechanism in the

investigated perovskite crystal, photon recycling rather locally supports preserva-

tion of charge carriers than their transport. Spectral photoluminescence shifts are

detected over time as the recombination zone spreads into the bulk due to carrier

transport and, consequently, reabsorption becomes more pronounced.

Lastly, I demonstrate in Chapter 6 that the observed apparent radiative

recombination rate can be manipulated by the optical design of the investigated

layer stacks. The rationale behind this observation is given by differences in the

reabsorption probability of internally emitted photons, which are tuned by optics.

Furthermore, I identify a fundamental limitation of the radiative efficiency, which

will limit the maximum attainable efficiency of perovskite solar cells.

9





2 Fundamentals and characterization

methods

2.1 Photovoltaic performance

The operation principle of a solar cell is based on the conversion of sunlight into

electrical power. A detailed description of the physics of solar cells can be found

elsewhere [14,15]. Besides the energy conversion efficiency η, important parameters

for the photovoltaic operation are derived from the current density - voltage (j(V ))

characteristic of the illuminated solar cell; e. g. the short-circuit current density

jsc at V = 0 and the open-circuit voltage Voc when j = 0. Typical diode-like j(V )

characteristics are shown in Fig. 2.1 for a simulated perovskite solar cell exhibiting

different charge-carrier lifetimes τ . It becomes apparent that τ severely controls

the attainable open-circuit voltage, while the short-circuit current density remains

unaffected to a certain degree. Long lifetimes are obviously favorable in order to

achieve high open-circuit voltages and are an indicator of a high quality absorber

with a low defect concentration. At open circuit, all photogenerated charge carriers

have to recombine eventually and, as a consequence, the net current flow becomes

zero. The various mechanisms, that allow charge carriers to recombine, as well as

the associated lifetimes play an eminent role in building up Voc as elucidated in Sec.

2.3. As the short-circuit current density mainly emerges from the absorption of the

incident spectral irradiance and the collection of photogenerated charge carriers at

the electrodes, jsc is only slightly influenced by lifetime. A high solar cell efficiency η

necessarily stems from a large jsc and also a large Voc, as apparent from the equation

η =
Pmax

P0
=
jscVocFF

P0
. (2.1)

11



2 Fundamentals and characterization methods

Figure 2.1: Current density - voltage (j(V )) characteristics of simulated perovskite solar

cells with different charge carrier lifetimes τ under illumination. The short-circuit current

density jsc as well as the different open-circuit voltages Voc are indicated. The gray area

exemplarily illustrates the maximum attainable power density Pmax for the cell with the

lowest lifetime.

Here, Pmax denotes the maximum attainable power density of the solar cell

(illustrated as gray area in Fig. 2.1) and P0 indicates the irradiated power per unit

area. The fill factor FF describes the ratio between Pmax and the product of jsc
and Voc.

In the present work, I investigate i. a. recombination processes and lifetimes in

organic inorganic perovskite films by time-resolved photoluminescence which allows

me to draw predictions of the attainable open-circuit voltages.

2.2 Electronic structure of semiconductors

Every semiconductor material exhibits a characteristic band gap Eg, which is defined

as the energetic difference between the conduction band minimum (lowest unoccu-

pied state) and the valence band maximum (highest occupied state). The nature of

the band gap can either be direct or indirect as shown in Fig. 2.2. In the case of a

direct band gap, conduction band minimum and valence band maximum are located

12
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2.3 Charge-carrier recombination

Charge-carrier recombination describes various processes of electron-hole pair anni-

hilation inside a semiconductor. As already shortly stated in Sec. 2.1, the open-

circuit voltage can be used a figure of merit to study recombination. Fundamentally,

charge carriers in semiconductors can recombine by releasing the excess energy ei-

ther by emitting photons (radiatively) or releasing phonons (non-radiatively). While

radiative recombination processes are unavoidable from a thermodynamic point of

view, suppression of non-radiative and defect-related recombination has to be tar-

geted in order to maximize the achievable open-circuit voltage as discussed in the

following.

2.3.1 Radiative recombination

In thermal equilibrium, every microscopic process is balanced with its inverse pro-

cess. This principle called detailed balance is especially important to understand the

photovoltaic performance of various types of solar cells and their limitations [18].

The detailed balance principle is illustrated for the emission and absorption process

of a black body in Fig. 2.5. The part of black body radiation which is absorbed

by an arbitrary body equals the part which is emitted by the same body itself. In

Kirchhoff’s law [19], this relation is expressed by extrinsic quantities as φem =Aφin,

where φem indicates the emitted photon flux, A is the absorptance of the body and

φin is assigned as the incident photon flux. Moreover, van Roosbroeck and Shockley

provided a different aspect of the detailed balance approach [20] by linking intrinsic

quantities. They found that the internal radiative recombination rate Rrad matches

the absorption rate ∝ αφbb of a body in thermal equilibrium. Here, α is denoted

the absorption coefficient and φbb is the black body radiation.

From a thermodynamic perception, radiative recombination as the inverse ab-

sorption process cannot be avoided. Consequently, an ideal solar cell is also an ideal

LED. In the radiative limit, when radiative recombination is the only present re-

combination process, the maximum attainable open-circuit voltage V rad
oc of a solar

cell can be derived as [21,22]

16
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cesses, also direct band-to-band recombination of electron-hole pairs could in prin-

ciple run non-radiatively through multi-phonon emission. However, direct, non-

radiative band-to-band recombination is considered as unlikely, especially in high

band-gap materials with low phonon energies [26] as the number of phonons needed

to achieve a direct transition strongly influences the multi-phonon transition rate.

As radiative recombination competes with non-radiative recombination, occur-

ring non-radiative recombination causes a reduction in the recorded luminescence

intensity. The internal luminescence quantum efficiency Qlum
i states the probability

that electron-hole pairs will recombine radiatively

Qlum
i =

Rrad

Rrad +Rnrad
=

τnrad

τrad + τnrad
. (2.5)

According to Eq. 2.5, Qlum
i can be either expressed in terms of the rates of radiative

(Rrad) and non-radiative recombination (Rnrad) or in terms of the respective carrier

lifetimes τ , which can be assigned to the corresponding recombination processes.

The internal quantity Qlum
i can be related to an external quantity, the so called

LED quantum efficiency QLED
e . In so doing, the outcoupling efficiency pe of photons

and the probability pa of parasitic photon absorption have to be taken into account.

Hence, QLED
e which is defined as [27,28]

QLED
e =

peQ
lum
i

1−Qlum
i (1−pe −pa)

(2.6)

contains non-radiative recombination losses, which in turn lower the open-circuit

voltage [29–31]. Finally, a relation for Voc can be derived as [27,28]

Voc = V rad
oc +

kBT

q
ln
(

QLED
e

)

. (2.7)

Consequently, the second term addresses all entropic loss processes, which are con-

nected with parasitic absorption and non-radiative recombination, and result in a

further reduction of the attainable open-circuit voltage.
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2 Fundamentals and characterization methods

2.4 Time-resolved photoluminescence

Photoluminescence spectroscopy is a non-destructive and sensitive tool to investigate

any kind of luminescent transitions in semiconductors. Steady-state photolumines-

cence, which is recorded during continuous photo-excitation, is commonly used to

investigate the electronic structure as discussed in Sec. 2.2, for example the band gap

and in general to assess the quality of the semiconductor material by the strength

of the luminescence signal. In contrast, time-resolved photoluminescence measures

the decay of the luminescence intensity over time after the sample is photo-excited

typically by a short laser pulse. The temporal photoluminescence intensity IPL(t)

is dependent on the temporal amount of charge carriers and given by

IPL(t) ∝
(

n(t)p(t)−n2
i

)

=
(

[n0 +∆n(t)] [p0 +∆n(t)]−n2
i

)

. (2.8)

Here, ni is the intrinsic charge-carrier concentration and the electron and hole con-

centration are defined as n(t) = n0 +∆n(t) and p(t) = p0 +∆n(t), respectively, with

their corresponding equilibrium concentrations n0 and p0. Excess-charge carriers

of concentration ∆n(t) are photo-generated in the sample by the absorption pro-

cess of the pulsed excitation light. After the pulse has passed, the system strives for

equilibrium conditions and excess charges will vanish over time by all kind of recom-

bination events. Consequently, also the photoluminescence intensity as measurable

signal will drop according to Eq. 2.8. Ultimately, the observed shape of the lumi-

nescence decay gives hints to the various charge-carrier processes like recombination

and separation as illustrated in Fig. 2.7 discussed in the following.

2.4.1 Charge-carrier dynamics

In a fist simplified attempt to understand charge-carrier dynamics, the charge-carrier

profiles are assumed to be flat across the sample at each time during the measure-

ment; i. e. n(x,t) = n(t) and p(x,t) = p(t). Therefore, we first focus only on recom-

bination mechanisms and, additionally, leave out any separation and reabsorption

effects. The temporal excess-charge carrier concentration ∆n(t) can be described

by the simplified continuity equation
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and compare photoluminescence decays at varying fluences of the excitation light.

Beside charge-carrier recombination, separation of charges can influence time-

resolved photoluminescence decays. The charge-carrier concentrations n(x,t) and

p(x,t) can spatially vary due to diverse separation effects. As a consequence of any

inhomogeneous carrier profile (for example an exponential profile due to Lambert-

Beer absorption at t ≈ 0), there will be regions in the sample of higher internal

luminescence strength and others of lower strength. The externally observed lumi-

nescence signal is the integral of all local radiative recombination events over the

sample dimension d

IPL(t) ∝
∫ d

0

n(x,t)p(x,t) dx. (2.10)

Please be aware that Eq. 2.10 does not consider any reabsorption effects.

Charge carriers can be separated by a drift current due to an applied electrical

field, diffusion as a consequence of a concentration gradient, and so called photon re-

cycling. In the first scenario, an electrical field is imposed on a semiconductor, which

drives electrons and holes to move in opposing directions. This spatial separation

prevents the charge carriers from recombination.

Charge-carrier diffusion is a continuous transport process driven into a net

direction by a concentration gradient according to Fick’s law. The diffusion current

scales directly with the diffusion constant D, which is related to the charge-carrier

mobility µ. At short times after the excitation pulse, diffusion will flatten the

initially inhomogeneous distribution of the charge-carrier concentrations n(x,t) and

p(x,t), which follow a Lambert-Beer like absorption profile. Moreover, an ongoing

diffusion current from the bulk to the surfaces will sustain surface (Shockley-Read-

Hall) recombination also at later times.

Photon recycling refers to the self-absorption effect of luminescence generated

upon radiative recombination, and leads to an effective redistribution of the involved

carriers. The effectiveness of photon recycling as charge transport mechanism de-

pends on several factors, e. g. (1) the magnitude of the radiative recombination

rate Rrad, which indicates how fast charge carriers recombine radiatively; (2) the

absorption coefficient α(E) of the semiconductor material specifies the mean travel
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input window, captures the incident image. Impinging photons within a wavelength

range of approx. 200 nm to 900 nm cause the emission of free electrons due to the

photoelectric effect. Here, the (Multi Alkali) photocathode material primarily de-

termines the spectral response of the ICCD camera. The generated photoelectrons

are drawn by an electric field towards the MCP, which consists of a thin disc with

a honeycomb structure of channels, each with a resistive coating. A high poten-

tial gradient realized across the channels accelerates photoelectrons. Every time an

electron hits the wall of a thin channel during its transit, secondary electrons might

be released. The electronic signal gets readily intensified by gains in excess of 103

simply by traversing the MCP with multiple impacts on the channel walls. The

actual degree of electron multiplication is controlled by the applied voltage across

the MCP. Finally, the electron pulses excite a phosphor (P43) screen. The emitted

photons at a peak wavelength of approx. 540 nm can be easily detected by the

silicon CCD chip consisting of an array of 1024 × 256 pixels with an effective pixel

size of 26 µm×26 µm. Upon illumination, charges proportional to the incident light

intensity accumulate in the individual pixels. After pixel-wise readout, images and

spectra of the illumination source are obtained. In order to perform time-resolved

measurements, the inherently shutter (gate) functionality of the image intensifier

is exploited. By reverse poling of the voltages between photocathode and MCP,

photoelectrons do not enter the MCP anymore due to the opposing electric field. As

a consequence, no signal will be detected. The exact gating times are triggered by

a partial signal of the laser dye pulse in combination with applying different delay

times between the trigger signal and the actual opening of the gate. This procedure

enables recording temporal spectra as schematically depicted in Fig. 2.10. The

width of the gate pulse, which allows any PL-related signal to pass the MCP, is

typically chosen between 2 or 5 ns depending on the signal strength. The temporal

resolution of the gate pulse delay is indicated as precise as 25 ps. To minimize noise

and to account for averaging the slightly different energies of individual laser pulses,

an integration time of the camera in the range of some seconds was chosen resulting

in the accumulation of multiple PL spectra at a given delay time.
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2.4.2.1 Wavelength calibration

As seen in Fig. 2.8, the PL signal gets spectrally diffracted by the grating unit of

the spectrometer. Thus, only the light of a certain wavelength range impinges on

each of the individual vertical camera pixels. In order to calibrate the camera for

the correct wavelength setting, the spectral irradiance of either a neon or xenon

discharge lamp, which is mounted at the sample position, is recorded for the central

grating positions, namely 500 nm and 720 nm. Subsequently, the observed peak

patterns are aligned in order to match the respective reference patterns [33] and, in

so doing, the wavelength calibration is obtained.

2.4.2.2 Intensity calibration

Before any luminescence signal is detected, it has to run through a set of optical

elements. As a consequence, each recorded spectrum represents a convolution of the

real luminescence signal and the spectral response of the entire setup. For instance,

the transmission through lenses, the grating efficiency and the quantum efficiency

of the camera cause a spectral distortion of the initial spectral irradiance of the

emitter. In order to correct recorded spectra for the relative intensity, the following

procedure is applied as illustrated in Fig. 2.11. First, the spectrum of a halogen

lamp (a), which is mounted at the sample position, is recorded. The division of

(a) by the known spectral irradiance of the lamp (b) results in a correction curve

(c), which takes the spectral response of the setup into account. Any measured

PL spectrum (d) is now divided by the correction (c) itself. Because the spectra

are often plotted against the photon energy hν scale, but the spectral measurement

is typically carried out in steps of wavelength ∆λ, an additional correction of the

spectral shape should be regarded [23]. By differentiating hν with respect to λ, I

find

|d(hν)| =
hc
λ2

|dλ|. (2.11)

According to Eq. 2.11, when increasing the wavelength by steps of dλ, the

elemental energy interval |d(hν)| is not kept constant because it scales with λ−2. In

order to maintain the correct relative PL shape of a spectrum plotted against photon
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2.5 Characterization methods

2.5.1 Photoluminescence setup

To measure steady state photoluminescence (PL) spectra, samples are optically

excited by continuous wave (CW) solid-state lasers (e. g. Cobolt Samba, wavelength

λ= 532nm, power output 150 mW) through an microscope (Olympus BX51). The

excited area is determined by the Gaussian-shaped laser spot with a full width at

half maximum (FWHM) of approx. 1 µm. The emitted radiation from the sample is

coupled into a spectrometer (iHR320 from Horiba) after filtering the laser scattering

by different combinations of notch and edge filters). A more detailed description of

the setup can be found elsewhere [34,35].

2.5.2 Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) is a highly sensitive technique to ob-

tain the absorptance of thin films. In contrary to conventional methods used to

determine absorptance values, PDS does principally not rely on transmission and

reflection experiments but measures the thermal state of the sample due to the ab-

sorption of radiation. As a consequence of measuring a physical quantity, which

is directly proportional to absorptance, a high dynamic range of several orders of

magnitude is gained for the absorptance by PDS. The schematic PDS setup is de-

picted in Fig. 2.12 and measurments were performed by Joseph Klomfaß and Oliver

Thimm. The sample is adjusted in a cuvette filled with FC-75 solution. This liquid

is a fluorocarbon derivative of tetrahydrofuran (C8F16O), chemically inert towards

organic compounds and transparent in the visible wavelength range. A halogen

lamp operated at 100 W in combination with an attached spectrometer (270M from

Horiba Jobin Yvon) illuminates the sample with monochromatic light. Excited

states, which are generated by absorption of radiation, eventually relax back into

the ground states in mainly two different ways: (1) radiatively by the emission of

photons or (2) non-radiatively by the release of phonons. PDS solely relies on non-

radiative recombination of electron-hole pairs. As a consequence thereof, heat is

generated in the sample and transferred to the surrounding FC-75 chemical. Thus,
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2.5.3 Optical pump terahertz probe spectroscopy

Optical pump terahertz probe (OPTP) spectroscopy is a time-resolved technique

which allows studying charge-carrier dynamics in semiconductors and determining

charge-carrier mobilities. Samples were investigated with OPTP by Hannes Hempel

from Helmholtz-Zentrum Berlin. In the used setup, charge carriers are generated

in the sample by excitation of a 403-nm pump pulse of approximately 70 fs full

width half maximum. Pulses in the range of (0.3 - 3) THz are used as a probe in

transverse mode to monitor excited species. By the applied frequency range, probe

energies between a few and some ten meV are covered, which are sensitive to the

response of charge quasiparticles like free charge carriers, polarons, and excitons. In

organic inorganic perovskites, free electrons with concentration n(t) and free holes

with concentration p(t) are probed. The transmitted intensity E(t) of the terahertz

probe pulse changes due to absorption by pump-induced free charge carriers. This

normalized change ∆E/E is directly proportional to the conductivity change ∆σ

according to

∆E(t)

E
∝ ∆σ(t) = q [µn∆n(t)+µp∆p(t)] . (2.12)

Here, q is the elementary charge and µn and µp are the mobilities of electrons and

holes, respectively. By simulation the exact relation between ∆E/E and ∆σ based

on a transfer-matrix approach, the absolute values of the sum of electron and hole

mobility can be gained.

2.5.4 Thermopower measurements

Thermoelectric power measurements are applied to investigate the electronic trans-

port behavior in thin-films and to derive doping concentrations. These measure-

ments were performed by Dr. Jan Mock. The used setup is described in more detail

elsewhere [39, 40]. First, coplanar gold contact stripes are thermally deposited on

a Corning glass substrate, and a perovskite layer is formed on top (according to

Sec. 3.4.1). The sample is brought in contact with two heaters operating at dif-

ferent temperatures in order to achieve a temperature gradient (∆T ≈ 10K) across

the coplanar contact distance (4 mm). As a consequence of ∆T , locally different
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amounts of electrons are thermally induced into the conduction band. Due to the

gradient in electron concentration, a directional diffusion current establishes. The

resulting emergence of a depletion region in the thermodynamic equilibrium is as-

sociated with the formation of an electric field, which is experimentally measured

as thermoelectric voltage in the end. The interplay between temperature gradient

and voltage is known as the Seebeck effect. Furthermore, the ratio between thermo-

electric voltage and temperature difference is called Seebeck coefficient S(T ). If a

thin-film exhibits a high charge-carrier concentration e. g. due to doping, ∆T might

cause only a small concentration gradient resulting in a small value of S(T ). There-

fore, the Seebeck coefficient is a measure of the absolute charge-carrier (doping)

concentration of the sample.

2.5.5 Scanning electron microscopy

The used Zeiss (Leo) Gemini 1550 microscope detects secondary electrons emitted

from the sample. Surface images are recorded when the electron beam scans over

the sample. Here, the microscope exhibits a Shottky field-emission cathode and an

in-lens secondary electron detector. The lateral resolution is in the range of ∼ 1nm

at a voltage of 20kV. Measurements are performed in vacuum at a base pressure

of 10−6 mbar. Scanning electron microscopy (SEM) images were recorded by Pascal

Kaienburg, Dr. Benjamin Klingebiel and Jan-Christoph Hebig.

2.5.6 Atomic force microscopy

Atomic force microscopy (AFM) facilitates the mapping of height profiles of sur-

faces and is conducted with a NANOStation 300 (S.I.S. GmbH). While the tip of

an oscillating cantilever scans over the sample surface, attractive Van-der-Waals

forces as well as repulsive Coulomb forces based on the Pauli principle act between

the surface and the tip. The resulting deflection of the cantilever is detected as a

monochromatic laser beam impinges on a four-quadrant diode after being reflected

from the cantilever top. Thus measured height profiles typically exhibit a resolution

of . 10nm. AFM images were recorded by Pascal Foucart. In this work, I have

used the software Gwyddion to visualize and analyze surface topographies.
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2.5.7 X-ray diffraction

X-ray diffraction (XRD) pattern are obtained to investigate the crystalline struc-

ture of perovskite thin films. Here, the used diffractometer (Bruker D8 Advance)

operates in the Bragg-Brentano θ-2θ configuration. The Cu Kα spectral line with

a wavelength of 1.54Å is used as X-ray source. A detailed description of the work-

ing principle and the measurement setup is provided in the dissertation [41] of Dr.

Florian Köhler, who conducted the XRD measurements. The perovskite samples

are mounted in a sealed plastic dome filled with inert nitrogen to avoid exposure to

ambient air and, thus, possible structural changes and degradation during the XRD

measurements.

2.5.8 X-ray photo-electron spectroscopy

X-ray photo-electron spectroscopy (XPS system from Scienta Omicron MXPS with

XM1000 Al Kα X-ray source at 300W) is performed to determine the chemical

elements and compositions at perovskite surfaces. Survey spectra were collected

by Dr. Benjamin Klingebiel in constant analyzer energy (CAE) mode with a path

energy of 100eV, whereas for the high-resolution spectra a path energy of 10eV is

applied. The source analyzer angle is 90◦ and the takeoff angle of the electrons

with respect to the surface normal is 21◦. The energy resolution is estimated in a

seperate measurement to be approx. 0.6eV from the full width at half maximum

of the Au 4f peak. The intensities are determined by measuring the peak areas

after subtracting a Shirley-type background and fitting a combination of Lorentzian

and Gaussian profiles with a fixed proportion of 30:70 to the experimental data.

The fitting procedure was performed in Igor Pro (Wavemetics) with the help of the

XPST plugin (M. Schmid, Philipps University Marburg). Spectra are shifted such

that the Pb 4f7/2 peak (in the formal +2 redox state) is located at a binding energy

of Eb = 138.6eV [42]. This procedure eliminates the impact of variations in the work

functions of different samples.
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2.5.9 Profilometer

The precise determination of film thicknesses is necessary in order to calculate some

material parameters, e. g., the absorption coefficient α. Scratching with the sharp

tip of tweezers removes the soft perovskite material from the glass substrate. The

probe tip of the profilometer (Vecco DEKTAK 6M Stylus Profiler) is brought in

direct contact with the sample and scans the topography across the trenches. From

the observed difference in the height profile, the film thickness can be evaluated with

the precision of some nanometers.
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3 Material properties of organic

inorganic perovskites

3.1 Perovskite crystal structure

The term ”perovskites” generally refers to a broad class of crystalline materials,

which exhibit the same structure as calcium titanate (CaTiO3) [43]. This particular

material was named after the Russian Count and mineralogist Lev Perovski by its

discoverer Gustav Rose, who spotted the mineral 1839 in the Ural Mountains [44].

The general perovskite structure consists of the chemical formula ABX3, where A

and B are cations of different sizes and the anion X coordinates to B by forming

a BX6 octahedron (see Fig. 3.1). In organic inorganic perovskites the A-site is

typically occupied by organic amine cations like methylammonium (CH3NH+
3 ) or

formamidinium (CH(NH2)+
2 ). A heavy metal cation like Pb2+ or Sn2+ is located at

the B-site and the anion X consists of halide ions like I−, Br− and Cl− or a mixture

thereof. The availability of numerous abundant organic as well as metallic ions,

which are able to form perovskite structures when combined, enables the creation

of materials with unique semiconducting properties [45]. A measure of the ratio of

ionic dimensions that are tolerated by the perovskite architecture is given by the

Goldschmidt tolerance factor t [46]:

t=
rA + rX√
2(rB + rX)

, (3.1)

where r is the radius of the effective ion dimensions of the respective sites as in-

dexed. Most organic inorganic perovskite compounds exhibit tolerance factors in the

range of t≈ 0.8−1.1 [45], whereas an ideal cubic perovskite structure results in t= 1.
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dye-sensitized solar cells yielding power conversion efficiencies of up to 3.8% [55].

This photovoltaic concept relies on a conductive mesoporous scaffold (often titania,

TiO2), which is coated with only a few nanometers of light-absorbing molecules

or particles and is immersed under an electrolyte solution. Subsequently, Snaith

and coworkers replaced titania by insulating aluminum oxide and still achieved a

high conversion efficiency [56]. By doing this, they were able to demonstrate ef-

ficient charge transport through methylammonium lead halide perovskites. This

discovery paved the way towards high-efficient perovskite solar cells with compact

perovskite layers exhibiting thicknesses of hundreds of nanometers [57]. Over the

last few years, a better control over perovskite quality and an enhanced alignment

of electron and hole transport layers have established new record device efficien-

cies already reaching 22% by now [58]. The highest efficiencies and open-circuit

voltages (∼ 1.1 − 1.2V for perovskites with a bandgap of 1.6eV [59–61]) can be

expected from the n-i-p stack starting with a n-type conducting material like the

commonly used titania on the bottom, covered with a layer of intrinsic perovskite

and a p-type organic semiconductor on top (often Spiro-OMeTAD: 2,2’,7,7’-tetrakis-

(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene). It shall be noted here, that

two main cell architectures, each with specific advantages, are typically applied for

perovskite devices. Besides the mesoporous titania approach, which requires a high

temperature sintering process (T > 450◦C) to form the scaffold, titania can also be

employed as flat layer [62]. Here, the planar configuration concept as commonly ap-

plied in organic photovoltaics suffers from a typically lower device stability [63, 64]

and a distinct appearance of current-voltage hysteresis [65,66]. However, the planar

configuration allows the utilization of a wider field of transport materials by being

able to also realize the ”inverted” p-i-n structure, starting with a p-type selective

contact at the bottom. In so doing, the hole transport polymer PEDOT (poly-

3,4-ethylenedioxythiophene) is most commonly used, while the fullerene derivative

PCBM ([6,6]-phenyl-C61-butyric acid methyl ester) is often employed as electron

transport material. Devices with the planar p-i-n configuration show negligible hys-

teresis but do not reach the highest efficiencies yet [67,68].

To put the fast ascent of perovskite photovoltaic development into perspec-

tive, gallium arsenide (GaAs) as the best inorganic single-junction absorber reaches

nowadays an efficiency of ∼ 29% [58] after starting at ∼ 4% more than 60 years
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Table 3.1: Overview of characteristic transport properties of methylammonium lead

halide perovskites, crystalline silicon and GaAs. Values are taken from literature [69–72].

Material
Diffusion

length (µm)

Carrier

lifetime (µs)

Mobility

(cm2V−1s−1)

Effective

mass (m0)

Trap density

(cm−3)

CH3NH3PbI3

thin film
0.1−1 0.01−1 1−10 ∼ 0.10−0.30 1015 −1016

CH3NH3PbI3

single crystal
2−8 0.5−1 24−105 − (1−3)×1010

CH3NH3PbBr3

thin film
0.3−1 0.05−0.16 30 0.13 −

CH3NH3PbBr3

single crystal
3−17 0.3−1 24−115 −

(0.6−3)×
1010

Si
e− 1000

∼ 1000
1450 0.19

108 −1015

h+ 600 500 0.16

GaAs
e− 7

∼ 0.01−1
8000 0.063

h+ 1.6 400 0.076

ago [73]. Certainly, the rapid evolution of perovskites as high quality photovoltaic

materials has benefited from earlier research of other photovoltaic technologies [69].

While organic inorganic perovskites show exceptional photovoltaic performance,

the attraction of this material class stems from multiple aspects. First, perovskite

fabrication requires solely low-cost precursor materials which are based on earth-

abundant elements. In addition, the huge variety of available organic and inorganic

ions facilitates the formation of perovskite materials with unique optical and elec-

trical properties [74]. On top of that, the fabrication process can simply be ac-

complished from the liquid phase at moderate temperatures around ∼ 100◦C with

dip and spin coating allowing for cheap processing. Although the fabrication con-

ditions for a solution-based process are not as well-defined as e. g. for vacuum

deposition, perovskites can stand up to any comparison with well-established pho-

tovoltaic technologies. Table 3.1 summarizes transport characteristics of perovskites

and compares them to those of crystalline silicon and GaAs. While carrier lifetimes

and effective charge carrier masses (stated here as fraction of the electron rest mass

m0 ∼ 9.1095 × 10−31 kg [75]) for perovskites are similar to the corresponding prop-
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erties of the direct semiconductor GaAs, perovskites have to tolerate lower charge-

carrier mobilities and associated diffusion lengths. Crystalline Si exhibits excellent

transport properties due to its high purity and indirect band gap.

3.3 Electronic structure

Despite their polycrystalline structure, remarkably long charge-carrier lifetimes can

be observed in perovskite thin films (see Table 3.1). The origin of the extended

lifetimes and favorable transport characteristics in general is ascribed to the special

electronic structure in organic inorganic perovskites. Pb2+ exhibits the formal elec-

tron configuration 6p26s0, while halides have the configuration np6 with n = 3,4,5

in the sequence Cl−,Br−, I−. Figure 3.2 depicts the formation of bonding (σ) and

anti-bonding (σ∗) hybrid orbitals from atomic lead and iodine orbitals. Surprisingly,

the resulting anti-bonding hybrid state between the empty 6s-orbital of Pb2+ and

the dominating halide p-orbital determines the top of the valence band, whereas

the non-bonding hybrid state between lead 6p- and halide np-orbitals corresponds

to the conduction band minimum [76–78]. As lead and iodine are heavy elements,

relativistic effects like spin-orbit coupling have to be considered in the formation

process of valence and conduction bands [72]. The electronic levels of the organic

cation, which occupies the A-site, are situated deep within the valence and con-

duction bands [79]. Therefore, the impact of the organic cation on the perovskite

band structure is negligible. Only a minor effect is observed when substituting the

organic A-site cation (methylammonium) by an inorganic cation like Cs+ as a result

of size effects [80]. However, the A-site cations compensate charges of the [PbI6]4−

octahedrons and, as a consequence, stabilize the perovskite structure.

A semiconductor with anti-bonding states at the valence band maximum of-

ten features a tolerance towards defects [84]. Figure 3.3 illustrates calculated energy

levels of possible intrinsic point defects in methylammonium lead iodide, including

vacancies (VMA, VPb, VI), interstitial (MAi, Pbi, Ii), cation substitutions (MAPb,

PbMA) and anti-site substitutions (MAI, PbI, IMA, IPb). Furthermore, the forma-

tion energy of the individual defects is indicated. Point defects, which are more

likely incorporated in the perovskite structure due a low formation energy, show
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Figure 3.4: (a) Normalized absorptance A from photothermal deflection spectroscopy of

perovskite thin-films with different halide compositions. Here, iodine is gradually substi-

tuted by bromine. (b) Corresponding photoluminescence (PL) spectra measured with the

time-resolved photoluminescene setup at zero delay time with respect to the pump pulse.

lence bands, respectively. In any case, the charge transport will only be marginally

hindered by the occurance of point defects with low formation energies. On the

other hand, the remaining defects, which generate deep levels between the bands,

exhibit high formation energies. As non-radiative recombination typically relies on

deep transition states, the intrinsic defect tolerance allows for long minority-charge

carrier lifetimes and explains the achievement of remarkable transport properties in

organic inorganic perovskites.

By taking up the earlier fact that the choice of halide element severely influ-

ences the position of the valence band maximum, while the position of the bottom

of the conduction band is barely altered, the band alignment of perovskites can be
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modified. Thus, a continuous band gap grading is achieved by incorporating differ-

ent amounts of halide elements at the same time [3, 4]. By varying the bromine to

iodine ratio as a proof of concept, the band gap is tuned in the range of ∼ 1.6eV

(pure iodide perovskite) to ∼ 2.3eV (pure bromide perovskite), as revealed by ab-

sorptance and photoluminescence measurements (see Fig. 3.4). Sharp absorption

onsets over several orders of magnitude are observed in the normalized absorptance

spectra of Fig. 3.4 (a). Some compositions, especially 75 % and 50 % bromide,

exhibit relative strong absorption features in their sub-band gap region indicating

high structural disorder and the formation of a distinct amount of defect states.

A similar trend is seen in the normalized photoluminescence spectra of Fig. 3.4

(b) due to the conjunction of absorption and emission processes. For compositions

of 50 % bromide and above, the falling photoluminescence flank towards lower en-

ergies significantly smears out. A second apparent peak at lower photon energies

may hint at occurring chemical degradation in the case of 100 % bromide and/or

a light-induced phase segregation into local bromide-enriched (iodide-depleted) and

bromide-depleted (iodine-enriched) domains [4] in the case of 50 % bromide. Any-

way, the preparation conditions might not been optimized for the individual per-

ovskite compositions. However, Fig. 3.4 demonstrates the variability of the elec-

tronic structure of organic inorganic perovskites.

3.4 Sample preparation

3.4.1 Perovskite thin films

Thin-films of methylammonium lead iodide perovskite are fabricated by the following

procedure. First, lead chloride (PbCl2, from Alfa Aesar) and methylammonium

iodide (MAI: CH3NH3I, from Dyesol) are dissolved in dimethylformamide (DMF)

at a molar ratio of MAI:PbCl2 = 3 : 1 (35 wt%). Corning glass substrates (12 mm

× 12 mm) are cleaned with soap (Helmax III), thereafter in an ultrasonic bath of

acetone first followed by isopropyl alcohol. After thorough rinsing, the substrates

are dried in a nitrogen stream and surface-activated by an oxygen plasma (ZEPTO

B plasma laboratory unit from diener electronics) for at least 3.5 min at 50 W. The
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Figure 3.8: X-ray diffraction pattern (a) of a methylammonium lead iodide perovskite

thin film on glass substrate. Enlarged sequences with relevant Bragg peaks and corre-

sponding Voigt fits in red are shown in (b) and (c).

2dhkl sinθ = nλ, (3.3)

where dhkl denotes the atomic plane distances with respect to the Miller indices

hkl, λ is the wavelength of the incident X-ray beam, and n indicates the order of

diffraction. From Eq. 3.3 I derive lattice dimensions of a = (8.84 ± 0.02)Å and

c= (12.61±0.03)Å. These parameters are in good agreement with literature results

(a= 8.85Å and c= 12.44Å at room temperature [93]) from powder X-ray diffraction

experiments.
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3.6 Optical properties

Light absorption by any semiconductor material is directly related to its respective

electronic structure. An ideal photovoltaic absorber would both exhibit a sharp

optical absorption onset and full absorption of photons with energies above band

gap: A(E) = 1 for E ≥Eg. While a sharp absorption onset is required to maintain a

high open-circuit voltage in a solar cell [8], strong light absorption enables harvesting

all available photons above band gap and, thus, maximizing the photocurrent.

3.6.1 Absorption coefficient

In order to understand the optical behavior of perovskite thin films, the absorption

coefficient as a measure of the absorption profile is investigated. Figure 3.9 illustrates

the absorption coefficient α of methylammonium lead iodide in comparison to es-

tablished photovoltaic materials exhibiting a direct band gap (CdTe [94], GaAs [94],

CIGS [95]) or an indirect one (c-Si [96]). For a solution-processed polycrystalline

material, perovskite shows a remarkably steep absorption onset arising over more

than five orders of magnitude. The sharp absorption shoulder appears in the im-

mediate vicinity of its reported optical band gap of 1.6eV [8] and rapidly reaches

higher absorption coefficient values than e. g. GaAs. Hence, already some 100 nm

thin films of perovskites facilitate adequate light absorption unlike the indirect semi-

conductor c-Si. As apparent from Fig. 3.9, perovskite features two plateaus in the

absorption coefficient, which start to form at about 1.69eV and 2.51eV, respectively.

A similar feature is not seen for other materials.

The absorption coefficient of perovskite in Fig. 3.9 is derived by stitching

together the values obtained by various characterization methods. In the range of

strong light absorption E & 2.0eV, I used the absorption coefficient values derived

by modeling absorptance and transmittance data with the optical spectrum simula-

tor SCOUT [97]. Due to a higher sensitivity in the range of the absorption onset, I

applied the absorption coefficient values obtained by photothermal deflection spec-

troscopy and, additionally, the conversion of an photoluminescence spectrum. In

the following section, I elucidate the detailed balance approach of deriving an ab-

sorption profile with a high dynamic range from the spectral shape of an emission
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3 Material properties of organic inorganic perovskites

Figure 3.9: Overview of absorption coefficients α for various photovoltaic materials from

literature: crystalline silicon (c-Si) [96], cadmium telluride (CdTe) [94], gallium arsenide

(GaAs) [94] and copper indium gallium selenide (CIGS) [95]. The values for methylam-

monium lead iodide (MAPI) perovskite were obtained in the course of this thesis.

spectrum recorded in a quasi equilibrium.

3.6.2 Detailed balance of emission and absorption

Organic inorganic perovskites commonly feature a intense and narrow emission peak,

which is slightly homogeneously broadened with a line width of approx. 100meV

probably due to phonon coupling effects [98]. Emission of perovskites is found to be

right at the band edge with only little Stokes shift [99, 100]. A photoluminescence

spectrum of a perovskite thin film recorded during continuous wave excitation is

depicted in Fig. 3.10 (black open circles). The spectral photoluminescence flux

φPL(E), which is spontaneously emitted from the sample under non-equilibrium

conditions, is linked to the absorptance A(E) according to the generalized Planck’s

emission law introduced by Würfel [101]:

φPL(E) ∝ A(E)E2

exp[(E−∆µ)/(kBT )]−1
, (3.4)

where ∆µ denotes the quasi-Fermi level splitting upon illumination, kB is the Boltz-
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Figure 3.10: Photoluminescence (PL) spectrum of a methylammonium lead iodide per-

ovskite thin film on a glass substrate (black open circles, left y axis). The red solid line

represents the corresponding absorption coefficient αPL (right y axis), which is linked to

the photoluminescence by detailed balance arguments. Besides, the absorption coefficient

αPDS obtained by photothermal deflection spectroscopy is depicted (red open squares) to

illustrate the dynamic ranges of the different approaches. Reproduced with permission

from [102]. Copyrighted by the American Physical Society.

mann constant and T is the temperature. The Bose-Einstein term can be approx-

imated by a Boltzmann distribution but only for photon energies E ≫ kBT + ∆µ.

In the following, I will now estimate the quasi-Fermi level splitting ∆µ in order

to find the lower limit of photon energies, which still satisfies the Boltzmann ap-

proximation. In Sec. 4.8 I derive an implied open-circuit voltage of Voc = 1.28V

upon one sun illumination, which is equivalent to ∆µ/q with q being the elemen-

tary charge. However the excitation intensity applied during the photolumines-

cence measurement rather corresponds to an intensity of approx. ten suns, I fur-

ther add kBT × ln(10) ≈ 0.06eV to the one sun equivalent of qVoc. As a conse-

quence, a lower limit of about E ≥ 1.40eV fulfills the requirement according to

E−∆µ& 60meV ≫ kBT .

When I apply the Boltzmann approximation, the generalized Planck’s emission

law simplifies to
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φPL(E) ∝ A(E)E2 exp[−E/(kBT )]exp[∆µ/(kBT )] . (3.5)

Now, ∆µ does not affect the spectral shape of the emission spectrum anymore.

The constant exponential term containing ∆µ only determines the absolute align-

ment of the spectral photon flux. Based on Eq. 3.5, the sample temperature can be

determined from the falling photoluminescence edge towards high photon energies.

As the absorptance A approximately stays constant in the higher energetic photon

range due to the mentioned plateau in the absorption coefficient, the high energy

part of the emission reflects mainly the occupation statistics given by the Boltz-

mann term. Here, I determine a sample temperature of T ≈ 321K under continuous

illumination by fitting E2 exp[−E/(kBT )] to the high energetic edge (black line in

Fig. 3.10).

Only the relative shape of A(E) can be extracted by the detailed balance ap-

proach of Eq. 3.5 from the measured emission flux, which is typically not available

in absolute values. However, the derived absorptance from the photoluminescence

measurement can easily be adjusted in the high energetic range to the absolute

absorptance values obtained by other spectroscopy measurements. In order to cal-

culate the absorption coefficient from the absorptance of the thin film, I apply the

relation [103]

A(E) =
(1−Rf(E))(1 − exp [−α(E)d]) (1+Rr(E)exp [−α(E)d])

1−Rf(E)Rr(E)exp [−2α(E)d]
, (3.6)

which takes a Lambert-Beer absorption profile with multiple reflections between

front and rear layer surfaces with the respective measured reflection coefficients

Rf(E) and Rr(E) into account but disregards interference effects. Here, the per-

ovskite layer thickness was determined as d = (311 ± 10)nm. Reorganizing Eq. 3.6

reveals αPL(E), which is depicted in Fig. 3.10 as red solid line. With this detailed

balance approach, precise and ultralow absorption coefficients over several orders of

magnitude can be gained [104], which significantly prolong the dynamic range of

absorption coefficients obtained by photothermal deflection spectroscopy (red open

squares in Fig. 3.10). Accurate data of the absorption coefficient especially below

50



3.6 Optical properties

the band gap energy allows for deriving fundamental semiconductor properties as

elucidated later on in Sec. 4.7.

3.6.3 Band gap characteristics

In this section, the band gap of organic inorganic perovskites is investigated in terms

of its special character which facilitates direct as well as indirect transitions. While

for a direct band gap, the absorption coefficient α shows a square-root dependence

on the difference between photon energy hν and direct band gap energy Eg,dir [105]:

αdirhν ∝
√

hν−Eg,dir, (3.7)

for an indirect band gap, the dependence becomes rather quadratic and also phonons

with energy Ephon are involved in an indirect transition [105]:

αindhν ∝
(

hν−Eg,ind −Ephon

)2
. (3.8)

The energy of longitudinal optical phonons in methylammonium lead iodide

perovskites is estimated to be Ephon ≈ 15meV [106, 107], which is even below the

available thermal energy at room temperature.

Figure 3.11 illustrates the spectral product of absorption coefficient α and

photon energy hν. By fitting the different dependencies of hν based on Eq. 3.7

and 3.8 to the experimental data (black open circles), I highlight the distinct direct

and indirect band gap character of organic inorganic perovskites. In accordance

to literature reports [108, 109], the absorption edge seems to be mostly dominated

by an indirect contribution (red dashed line) with a band gap of Eg,ind ≈ 1.56eV.

However, this finding implies that the radiative recombination in perovskites mainly

evolves from indirect transitions [109]. On the one side, an indirect band gap just

slightly below a direct one helps to achieve longer radiative lifetimes, which will

improve charge collection. On the other side, a lower positioned indirect band gap

does not allow for an increase in open-circuit voltage [109]. The direct transition

shows its impact at photon energies higher than Eg,dir ≈ 1.65eV (red solid line),

while the contribution of the indirect band gap is held constant at the same time.
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3 Material properties of organic inorganic perovskites

Figure 3.11: Product of absorption coefficient α and photon energy hν (black open

circles) as a function of hν on a linear (top) and semi-logarithmic scale (bottom). Several

fits illustrate the character of the band gap for perovskites: direct gap (green line) and

indirect gap (dashed red line). The sum of indirect and direct band gap contribution is

depicted as black line. Additionally, Urbach tails are indicated by the blue line.

It is apparent form Fig. 3.11, that the absorption coefficient is always dominated

by the indirect contribution. Furthermore, a steep exponential absorption onset is

found. Such a rapid onset identifies a quite low density of absorption tail states,

which are considered to evolve from structural disorder [110–112]. An Urbach energy

E0 can be attributed to the so called Urbach tail according to the relation [110]

α∝ exp

(

E

E0

)

. (3.9)

Here, I derive a low Urbach energy of E0 ≈ 14meV, which indicates only small
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surprising that conduction band minimum and valence band maximum are located

at different points in k-space. The formed indirect band gap for recombination lies

shortly below the direct one as schematically depicted in Fig. 3.12. This finding di-

rectly affects recombination in organic inorganic perovskites [114,120]. Once charge

carriers are photo-generated in the conduction band, they will rapidly thermalize

towards the band extrema as phonon-induced relaxation rates are many orders of

magnitude faster than the electron-hole recombination rate [118,121,122]. For large

Rashba splitting and at low temperatures, the majority of free charge carriers will

be situated at the band extrema. Due to the spin and momentum mismatch, the

recombination rate between the respective band extrema is quite slow resulting in

effective screening of charge carriers. Consequently, charge-carrier lifetimes are pro-

longed [118,123]. Faster direct transitions are only enabled after thermal activation

of charge carriers (≈ 25−75meV [114,116,117]) and momentum transfer by the par-

ticipation of phonons [114,123]. In summary, organic inorganic perovskites combine

the advantageous features of a direct and an indirect semiconductor, namely strong

photon absorption of the former and long lifetimes of the later [118].

3.7 Electrical properties

3.7.1 Doping concentration

Doping of semiconductors affects charge-carrier transport due to its potential im-

pact on minority-charge carrier lifetime, conductivity, and mobility through charge-

carrier scattering at impurities. Therefore, doping becomes an important parameter

for the analysis of transient photoluminescence decays [102]. Basically, the cho-

sen perovskite processing route may show a tremendous impact on the attained

self-doping of thin films [82, 124]. By changing the stoichiometric ratio of the pre-

cursor materials (MAI:PbI2) significantly, doping concentrations ranging between

∼ 1014 cm−3 and ∼ 1019 cm−3 have been reported [125]. In accordance with the cal-

culated defect levels shown in Fig. 3.3, MA+- and I−-rich/Pb2+-poor compositions

result into p-type doping (most likely by Pb2+ vacancies and/or I− interstitials),

while MA+- and I−-poor/Pb2+-rich films are rather n-type (most likely by I− va-
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cancies and/or Pb2+ interstitials) [82, 124, 125]. Additionally, the annealing condi-

tions and temperature affect the doping because some components like MAI become

volatile at elevated temperatures [125]. For these reasons, thermoelectric power mea-

surement were conducted to derive the doping concentration in perovskite thin films,

which helps to interpret time-resolved photoluminescence data [102]. Heating with

an applied temperature gradient of 30 K results in an actual temperature gradient

of approximately 10 K across the coplanar contact distance of 4 mm. A positive

Seebeck coefficient (thermoelectric power) of S = 1042µV/K is determined in nitro-

gen atmosphere for an average sample temperature of 335 K. The positive sign of S

identifies holes to be the dominant carriers for charge transport in perovskite thin

films. While assuming charge carriers to scatter dominantly at ionized defects, the

Seebeck coefficient for a non-degenerated semiconductor is derived as [126,127]

S(T ) = −kB

q

(

4F3(µ∗(T ))

3F2(µ∗(T ))
−µ∗(T )

)

, (3.10)

where kB is the Boltzmann constant, q denotes the elementary charge, µ∗(T ) is the

reduced Fermi energy at temperature T and the Fermi-Dirac integral Fj(x) is given

as

Fj(x) =
1

Γ(j+1)

∫

∞

0

uj du

1+eu−x
(3.11)

with Γ being the gamma function. After solving Eq. 3.10 for µ∗(T ), a hole concen-

tration p(T ) is derived by

p(T ) =Nv(T )F1/2(µ∗(T )). (3.12)

Here, the density of states in the valence band Nv is assumed to be Nv ≈
1.5 × 1015 T3/2cm−3 K−3/2 based on the values derived in the following Sec. 4.7.

From Eq. 3.12 a moderate doping concentration of p ≈ 3 × 1015 cm−3 is found.

Previous findings from other techniques, like Hall measurements [125] and electron-

beam-induced current profiles [128], are in good agreement with the value presented

here and highlight the almost intrinsic nature of stoichiometrically grown organic

inorganic perovskites. The value of the doping concentration is needed for the
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Figure 3.13: Optical pump terahertz probe spectroscopy measurements of a CH3NH3PbI3

perovskite film [102]. (a) Measured normalized conductivity change ∆σ of the sample over

delay time tpump (blue line). The black dotted line represents the modeled conductivity

change. (b) Real (black squares) and imaginary parts (red circles) of the derived complex

mobility µ for different probe frequencies f at 1 ns after photoexcitation. The real part

accounts for the sum of electron and hole mobility. Reproduced with permission from [102].

Copyrighted by the American Physical Society, 2016.

analysis of transient photoluminescence curves in Chap. 4 in order to distinguish

between high and low level injection conditions.

3.7.2 Charge-carrier mobility

Optical pump terahertz probe spectroscopy provides intra-grain charge-carrier mo-

bilities, which help to interpret transient photoluminescence data. Figure 3.13 (a)

indicates that the measured pump-induced conductivity (blue line) stays constant

within the first two nanoseconds after photo-excitation. This finding is in contrast

to optical pump terahertz probe transients of many other established thin-film pho-

tovoltaic materials like Cu2SnS3 [129], Cu2ZnSn(S,Se)4 [130], and microcrystalline

silicon [131]. Typically, a fast decay on the pico- to nanosecond timescale is observed,

which is caused by charge-carrier recombination. Here, no conductivity decay can

be resolved within the timeframe of the optical pump terahertz probe measurement

(2ns), hinting at constant charge-carrier concentrations due to low recombination

rates. Figure 3.13 (b) shows the derived complex mobility, which accounts for the
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sum of electron and hole contributions, measured by optical pump terahertz probe

spectroscopy at a delay time of 1ns. As the real part of the mobility stays constant

(∼ 40cm2V−1s−1) over the entire frequency range, it can be extrapolated to the

same DC value. The observed dip in the imaginary mobility at about 1THz was

previously assigned to the coupling of THz radiation to a phonon mode [132]. I

assume equal electron and hole mobilities of ∼ 20cm2V−1s−1 on the base of similar

predicted effective masses for electrons and holes [70] and assuming similar scatter-

ing times. The charge-carrier mobility values derived from optical pump terahertz

probe measurements are similar to previously reported values [125, 133] (see also

Tab. 3.1 for comparison). Most organic semiconductors, which can also be fabri-

cated by solution-based processes, typically exhibit significantly lower mobilities of

10−2 cm2V−1s−1 and below [134,135]. In the context of being solution-processed ma-

terials, mobilities on the order of µ≈ 10cm2V−1s−1 in organic inorganic perovskite

films appear to be high due to the absence of scattering centers as a consequence of

the defect tolerance discussed in Sec. 3.3. As its inorganic lead halide framework

is mostly responsible for the semiconducting properties, one should rather compare

perovskites with conventional inorganic photovoltaic materials on the other hand.

In this perspective, mobilities in perovskites come out to be rather modest (see Tab.

3.1). Electron-phonon scattering is posited to be limiting the charge-carrier mobility

in ”soft” organic inorganic perovskites [136].
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4 Time-resolved photoluminescence

from perovskite thin films

In this chapter, I investigate various recombination mechanisms that shape photo-

luminescence transients of perovskite thin films. By developing a model that also

includes doping and photon recycling in the films, I gain precise recombination pa-

rameters from analyzing transients. Based on the derived long charge-carrier life-

times, which are not only an indicator of a high quality absorber material but, as

I show, also imply excellent passivation of surface defects, I am able to provide an

estimation of the attainable open-circuit voltage without the need of fabricating an

entire solar cell. This physical property helps to predict the photovoltaic potential of

any semiconducting material.

4.1 Charge-carrier recombination processes

Charge carriers in organic lead halide perovskites undergo various recombination

processes. In order to reveal those mechanisms, I applied time-resolved photolumi-

nescence measurements on thin-films deposited on glass. Figure 4.1 (a) shows the

spectral luminescence decay for an excitation fluence of 11µJ/cm2 as a contour plot.

Here, the time axis t is adjusted in a way that the maximum photoluminescence sig-

nal is detected at t = 0. The depiction of Fig. 4.1 (a) is chosen that every data

point of each spectrum is normalized to the one value showing the highest abso-

lute intensity. There is still photoluminescence detectable at delay times of t > 1µs,

which provides the first hint of remarkably long lifetimes and low defect densities

in solution-processed organic inorganic perovskites. In Fig. 4.1 (b), each spectrum

is normalized to the respective values of the one luminescence spectrum with the
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Figure 4.1: Different normalizations applied to the spectral photoluminescence decay of

a perovskite thin film recorded for an excitation fluence of 11µJ/cm2. Every data point

in (a) is standardized to the one value showing the maximum absolute photoluminescence

intensity. The data in (b) is spectrally normalized to the respective values of the one

photoluminescence spectrum with the highest overall intensity.

highest overall intensity (at t= 0). This depiction facilitates the observation of any

spectral changes during the measurements. However, the appearance of the straight

horizontal lines seen in the contour plot indicates that the shape of the spectra does

not significantly change and only their intensity drops over time. Thus, the processes

that charge carriers undergo during the time-resolved measurements do not alter the

spectral profiles and spectrally independent recombination rates can be expected.

For analyzing the transient data, it is therefore more convenient to integrate all mea-

sured spectra over photon energy and plot the gained photoluminescence intensity

signals as a function of delay time t. Normalized photoluminescence transients of

the perovskite thin film are shown in Fig. 4.2 for different excitation fluences rang-

ing over more than two orders of magnitude (φexc = 85nJ/cm2 − 11µJ/cm2). The

higher the excitation intensity is chosen, the faster the photoluminescence signal

decays initially. Eventually, each transient ends up turning into a single-exponential

decay at longer times. The distinct decay dynamics are investigated in detail later

on (see Sec. 4.2).

Upon photo-excitation, the only species generated in CH3NH3PbI3 perovskites

will be free charge carriers with concentration ∆n, because the determined values

for exciton binding energies of only ∼ 2−16meV [71,137–139] are smaller than the
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4.1 Charge-carrier recombination processes

Figure 4.2: Normalized photoluminescence decays from measurements (open symbols)

of a CH3NH3PbI3 perovskite film for different excitation fluences (85nJ/cm2, 770nJ/cm2,

11µJ/cm2). The data in (a) is plotted on a semi-logarithmic scale, while a double-

logarithmic depiction is chosen in (b). Solid lines represent global fits including radia-

tive and trap-assisted recombination and Auger recombination. Adapted with permission

from [102]. Copyrighted by the American Physical Society, 2016.

available thermal energy at room temperature. The respective excess-charge carrier

densities ∆n(0) in the absober layer are derived from the corresponding excitation

fluences φexc according to

∆n(0) =
(1−R)Aφexc

hν d
. (4.1)

Here, R and A are the sample’s reflectance and absorptance, respectively.

The photon energy of the monochromatic excitation source is denoted as hν and

d represents the layer thickness. Equation 4.1 assumes that the excitation pulse

is infinitesimally short (Dirac delta function) and no recombination takes place in

the sample during the illumination process. Furthermore, excess-charge carriers are

considered to exhibit a homogeneous distribution across the layer thickness. An

immediate flat charge-carrier profile is an appropriate assumption for perovskite

thin films, as discussed in Sec. 4.5 later on. Besides, absorbed photons are believed

to be transformed into excess-charge carriers with a quantum efficiency of 1.

At first, I consider charge-carrier recombination only in the bulk and leave out
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the effect of surface recombination, which is discussed separately in Sec. 4.6. The

excess-charge carrier density ∆n(t) at any delay time t after the excitation pulse is

described by the continuity equation [102]

∂∆n

∂t
= −R+Gint = −kext(np−n2

i )− np−n2
i

τpn+ τnp
−Cnn(np−n2

i )−Cpp(np−n2
i ).

(4.2)

Here, R denotes the sum of all recombination rates, Gint is the internal gener-

ation rate due to reabsorption of radiation in the absorber layer (see also Sec. 4.3),

kext is the externally obtained bimolecular recombination coefficient, τn and τp are

the Shockley-Read-Hall lifetimes for electrons and holes, Cn and Cp are the Auger

coefficients for electrons and holes. The electron n and hole concentrations p in Eq.

4.2 are defined as n= n0 +∆n and p= p0 +∆n, respectively, with the corresponding

equilibrium concentrations n0 and p0. The intrinsic charge-carrier concentration is

denoted with index i and is neglected in the following analysis because the non-

equilibrium established throughout the course of the transient measurement leads

to n,p ≫ ni. The bimolecular recombination coefficient kext in the first recombi-

nation term on the right hand side of Eq. 4.2 stems from radiative band-to-band

recombination of free electrons and free holes with the externally observed radiative

recombination coefficient kext
rad (see also Sec. 4.3) and a non-radiative component

with coefficient knrad. The existence of such a non-radiative quadratic decay chan-

nel is demonstrated in Chap. 6 but revealing its origin still remains a task for future

investigation.

In order to obtain the temporal excess-charge carrier concentration ∆n(t),

which is needed to simulate the photoluminescence transients, the explicit conti-

nuity equation from Eq. 4.2 can only be solved numerically. The resulting photo-

luminescence signal IPL(t) originates from radiative recombination and is obtained

as

IPL(t) = kext
rad

(

[n0 +∆n(t)] [p0 +∆n(t)]−n2
i

)

. (4.3)

As the decrease of ∆n involves the sum of radiative recombination and non-

radiative recombination of varying kinds, time-resolved photoluminescence itself con-
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tains the information on the total recombination processes.

When I simulate time-resolved photoluminescence decays numerically accord-

ing to Eq. 4.2 and 4.3, the assumed doping concentrations show a tremendous

impact on the attained recombination parameters, which is discussed in more de-

tail in Sec. 4.2. In the present case, good fits are achieved for doping concen-

trations . 4 × 1016 cm−3, whereas the values of the recombination parameter alter

significantly. Thus, unambiguous fitting results are achieved only when the dop-

ing density of the sample is measured separately. In Sec. 3.7.1, moderate p-type

doping of p0 ≈ 3×1015 cm−3 was determined. Keeping the doping concentration in

the simulations fixed to that value and neglecting n0 and ni, I fit the normalized

time-resolved photoluminescence decays in Fig. 4.2 (a) and (b) globally according

to Eq. 4.2 and 4.3 by the method of least squares. The resulting recombination

parameters are listed in Table 4.1 and are in agreement with previously reported

values [133, 140, 141]. For the sample investigated here, the higher order Auger

recombination influences the time-resolved photoluminescence curves only for high

level injection conditions, when ∆n ≫ p0, n0 holds. Therefore, I can provide only

the sum of the individual Auger coefficients C = Cn +Cp instead of values for each

carrier type. The majority-charge carrier lifetime τp has a much higher uncertainty

than the minority-charge carrier lifetime, because τp affects the photoluminescence

transients only slightly during a short time interval (see also Fig. 4.4).

Based on this set of the derived recombination parameters, I can also model

the measured normalized conductivity transient ∆σ(t) in Fig. 3.13 based on the

equation

∆σ(t) = q [µnn(t)+µpp(t)] . (4.4)

Here, q is the elementary charge and n(t) and p(t) are the temporary electron

and hole concentration, respectively. The electron µn and hole mobility µp are

determined to be ∼ 20cm2V−1s−1 each (see Sec. 3.7.2). The simulated normalized

conductivity change ∆σ(t) is indicated in Fig. 3.13 as blue line and predicts the

measured optical pump terahertz probe trace.
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Table 4.1: Bulk-recombination parameters obtained from modeling time-resolved photo-

luminescence decays for a fixed p-type doping concentration of p0 = 3×1015 cm−3: The ex-

ternal bimolecular recombination coefficient kext = kext
rad +knrad, the minority- and majority-

charge carrier lifetimes τn and τp from Shockley-Read-Hall recombination, as well as the

Auger recombination coefficient C = Cn +Cp. The commonly stated lifetime τmono, which

is obtained in the monoexponential time-resolved photoluminescence regime at long times,

is in excellent agreement with the minority-charge carrier lifetime τn.

kext (cm3s−1) (4.78±0.43)×10−11

τn (ns) 511±80

τp (ns) 871±251

C (cm6s−1) (8.83±1.57)×10−29

τmono (ns) 508±29

4.2 Photoluminescence transients in the context of

doping

The different decay dynamics observed during a transient photoluminescence mea-

surement (see Fig. 4.2) are dominated by the currently prevalent recombination

processes, which can change in the course of the measurement and/or are experi-

enced for different excitation fluences. In order to understand the different transient

curves, I accept some simplifications for Eq. 4.2, which allow me to derive an an-

alytical solution for the excess-charge carrier density ∆n(t). Namely, in the case

that the higher order Auger processes become insignificant because lower order (lin-

ear and quadratic) effects represent the predominant recombination mechanisms (i.

e. at excitation fluences up to approx. ∼ 5µJ/cm2), I find for a p-type doped

semiconductor

∆n(t) =
[

(

τmonok
ext +∆n−1(0)

)

e
t

τmono − τmonok
ext

]

−1
(4.5)

to be a possible solution. Here, I define a monomolecular lifetime τmono

τmono =
(

kextp0 +1/τSRH

)−1
, (4.6)
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which is either limited by a monomolecular contribution deduced from bimolec-

ular recombination as a consequence of doping with concentration p0 or the ef-

fective lifetime τSRH of the trap-assisted Shockley-Read-Hall mechanism. First, I

consider the photoluminescence transients at high excitation fluences and for times

t≪ τmono. For short times, I can apply the Taylor expansion to the exponential term

exp(t/τmono) ≈ 1+ t/τmono + ..., which I cut here after the first order. Inserting this

approximation into Eq. 4.5 yields the expression

∆n(t) ≈ ∆n(0)

kext∆n(0)t+1
, (4.7)

when relatively high excitation fluences are applied, i. e. leading to ∆n(0) ≫
(kextτmono)−1. The photoluminescence transient is derived as

IPL(t) = kext∆n(t)2 ∝
(

kext∆n(0)t+1
)−2

(4.8)

according to Eq. 4.3 when ∆n(t) is significantly larger than p0. This excitation con-

dition is known as high level injection (HLI). Consequently, for the applied restric-

tions (short times and high excitation fluences) the time-resolved photoluminescence

curves ideally follow a powerlaw decay since Eq. 4.7 and 4.8 become completely in-

dependent of the influence of monomolecular recombination. Such fast decays are

experimentally seen in Fig. 4.2.

On the contrary, for low excitation fluences leading to ∆n(0) ≪ (kextτmono)−1

or for times t≫ τmono, respectively, the excess-charge carrier density becomes

∆n(t) ∝ e−
t

τmono . (4.9)

As a consequence, the photoluminescence signal during low level injection

(LLI) conditions follows in this case a mono-exponential decay

IPL(t) = kextp0∆n(t) ∝ e−
t

τmono , (4.10)

when monomolecular processes provide the predominant recombination events. An

exponential photoluminescence decay is also confirmed for experimental data in
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4 Time-resolved photoluminescence from perovskite thin films

Fig. 4.2 for either low excitation fluences or after longer times. It becomes ap-

parent that the exponential photoluminescence decay is either limited by doping or

trap-assisted recombination according to Eq. 4.6 and the long-term lifetime τmono

does not necessarily reflect solely Shockley-Read-Hall statistics, as it is in contrast

unreservedly accepted in the literature so far. In any case, both the doping con-

centration p0 and Shockley-Read-Hall related recombination parameters cannot be

independently identified at the same time from modeling luminescence transients.

Therefore, I advice to measure the doping concentration separately in order to derive

precise monomolecular recombination parameters. Here, as the doping concentra-

tion (p0 ≈ 3 × 1015 cm−3) in the present sample is rather low, the long-term decay

is exclusively affected by trap-assisted recombination. Hence, the mono-exponential

lifetime τmono = (508 ± 29)ns determined from a fit in the monoexponential time-

resolved photoluminescence regime is identical to the minority-charge carrier lifetime

τn = (511 ±80)ns revealed based on the recombination model.

Moreover, I show in Fig. 4.3 what range of relative photoluminescence inten-

sities and excess-charge carrier concentrations is covered by the experimental data.

Here, I assign an actual excess-charge carrier density (lower x-axis) to the transient

data (time scale depicted on upper x-axis, which relates to the highest excitation

fluence only) by fitting the recombination model based on Eq. 4.2 and 4.3 to the

experimental data. Photoluminescence transients recorded for different excitation

fluences (open symbols) merge into each other and can simply be stitched together.

This observation confirms that the time-resolved photoluminescence decays of per-

ovskite thin films are well described by the presented model (black solid line) and are

only affected by recombination. The transient data follows the trend of Eq. 4.3: the

photoluminescence intensity scales with ∆n2 (see Eq. 4.8) for high level injection

conditions (HLI, ∆n≫ p0 ≫ n0,ni), whereas in the low level injection regime (LLI,

p0 ≫ ∆n ≫ n0,ni), the photoluminescence signal is rather proportional to ∆n (see

Eq. 4.10). The dotted vertical line in Fig. 4.3 indicates the measured doping con-

centration (p0 ≈ 3×1015 cm−3) and, thus, marks the center of the transition region

between low and high level injection.
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4.3 Photon recycling affecting radiative recombination

Figure 4.3: Normalized photoluminescence intensity as a function of the injected excess-

charge carrier density ∆n derived from solving the continuity equation. Open symbols

represent experimental data for the indicated excitation fluences. The solid line shows the

best fit from simulation. Furthermore, dashed lines illustrate regions where low level injec-

tion (LLI, ∆n ≪ p0) and high level injection (HLI, ∆n ≫ p0) conditions hold, respectively.

Here, the dotted black line displays the measured doping concentration p0. Furthermore,

the time axis relevant to the highest excitation fluence is indicated on top. Adapted with

permission from [102]. Copyrighted by the American Physical Society, 2016.

4.3 Photon recycling affecting radiative

recombination

Due to the large energetic overlap of luminescence emission with the absorption

profile [100,142,143] (see also Fig. 3.10), photons spontaneously generated with the

intrinsic radiative recombination rate R = kint
radnp are reabsorbed by the absorber

layer itself with probability pr. This process is commonly referred to as photon

recycling and is of particular importance for absorber materials operating close to

the radiative limit. As the perovskite layer is illuminating itself, photon recycling

causes a quasi-immediate internal generation of electron-hole pairs with the rate
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4 Time-resolved photoluminescence from perovskite thin films

Gint resulting in

−kint
radnp+Gint = −

(

kint
rad −prk

int
rad

)

np= −kext
radnp. (4.11)

As a consequence, I find that the apparent, externally observed, radiative

recombination coefficient kext
rad is reduced compared to the internal radiative recom-

bination coefficient kint
rad by the average number of photon recycling events 1/(1−pr)

before the luminescence leaves the sample. Thus, the intrinsic parameter kint
rad is

kint
rad =

kext
rad

(1−pr)
. (4.12)

The lifetime τ of any recombination process R is defined as τ = ∆n/R. There-

fore, the reduced kext
rad compared to kint

rad causes the apparent, external radiative

lifetime to appear substantially longer than the internal radiative lifetime, which is

a known phenomenon from GaAs based devices [144].

In order to quantify the amount of photon recycling, which is necessarily

needed to derive the correct internal coefficient kint
rad, I have to consider the fate

of any photon generated inside the absorber layer, i. e. outcoupling and, thus, leav-

ing the sample with probability pe, parasitically absorption by any adjacent material

(e. g. metal back reflector and transport layers in a solar cell stack) with probability

pa and reabsorption by the absorber layer itself with probability pr, such that

pe +pa +pr = 1. (4.13)

While pr is not easily calculated, the probability of outcoupling for a solar

cell with active cell area Scell can be calculated as the ratio of the outgoing photon

flux J rad
0 /q to the integral internal radiative recombination

∫ d
0 R

rad
0 dx in the layer

of thickness d [28]

pe =
J rad

0 /q
∫ d

0
Rrad

0 dx

=

εout

∫

∞

0
A(E)φbb(E)dE

∫

∞

0
4πScelldn2

r (E)α(E)φbb(E)dE

, (4.14)

with A being the absorptance and nr being the refractive index of the perovskite
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4.3 Photon recycling affecting radiative recombination

film (see Sec. 3.6.2 and Fig. 4.6 (a)) and α being the absorption coefficient (see Sec.

3.6.1). Furthermore, φbb denotes the spectral black body radiation defined as

φbb(E) =
2E2

h3c2

1

exp[E/(kBT )]−1
, (4.15)

where h is Planck’s constant, c is the speed of light in vacuum, kB is the Boltzmann

constant and T is the temperature of the sample, which I set to T = 300K. The

étendue εout of outgoing light stated in Eq. 4.14 measures the ”spread out” of light

rays propagating through a surface element dScell into a medium of refractive index

nr,out and are confined to a solid angle dΩ = sinθdθdϕ according to

dεout = n2
r,out dScell cosθdΩ, (4.16)

where θ is defined as the polar angle and ϕ denotes the azimuthal angle. As the

investigated organic inorganic perovskite film of thickness d= (311±10)nm is coated

on a transparent glass substrate, photons can escape the sample from both sides to

be released into air (nr,out = 1) each as hemispherical flux, which is accounted for by

assuming an outgoing étendue of εout = 2πScell. Consequently, I find an outcoupling

probability of pe ≈ 0.055. Furthermore, I expect that parasitic absorption can be

neglected for this type of sample and 1−pe matches the probability of reabsorption

pr ≈ 0.945. On average, 1/(1−pr) ≈ 18 recycling events are required before a random

photon generated in the absorber is able to escape the film.

From time-resolved photoluminescence measurements I can only obtain the to-

tal externally observed bimolecular recombination coefficient kext = (4.78 ± 0.43) ×
10−11 cm3s−1, which is the sum of a non-radiative part knrad and an external radia-

tive component kext
rad. Now, I will anticipate findings, which are later discussed in

detail in Chap. 6, where I derive an internal radiative fraction κ≈ 0.66 defined as

κ=
kint

rad

kint
=

kint
rad

kint
rad +knrad

. (4.17)

Combined with Eq. 4.12, the overall external and internal bimolecular recom-

bination coefficients are thus linked by the equation
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4 Time-resolved photoluminescence from perovskite thin films

Table 4.2: Diverse bimolecular recombination coefficients, i. e. the externally observed

kext = kext
rad +knrad, which is typically obtained from modeling time-resolved photolumines-

cence decays and contains an non-radiative component knrad and an externally observed

radiative part kext
rad. The latter bases on the internal radiative coefficient kint

rad after modi-

fication by photon recycling. Lastly, the internal bimolecular recombination coefficient is

analogously defined as kint = kint
rad +knrad.

k (10−11 cm3s−1)

kext 4.78±0.43

kint 12.7±1.1

knrad 4.32±0.39

kext
rad 0.46±0.04

kint
rad 8.38±0.75

kext = kint(1−κpr). (4.18)

The values of the diverse definitions of the bimolecular recombination coeffi-

cient are ultimately listed in Tab. 4.2.

4.4 Lifetimes and internal luminescence quantum

efficiency

Based on the revealed rates Ri of individual recombination processes, I address bulk

charge-carrier lifetimes τbulk,i to each recombination process i defined as

τbulk,i =
∆n

Ri −Gint
. (4.19)

Additionally, I derive the overall effective bulk lifetime τbulk according to

1

τbulk
=

N
∑

i=1

1

τbulk,i
. (4.20)

The derived lifetimes are depicted in Fig. 4.4 (a) and depend strongly on the
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4.4 Lifetimes and internal luminescence quantum efficiency

excess-charge carrier density ∆n and, thus, on the illumination intensity. For low

level injection conditions, the lifetime τSRH (orange curve in Fig. 4.4 (a)) of the

Shockley-Read-Hall process is limited by the minority-charge carrier lifetime τn and

also restricts the effective lifetime (black curve) for moderate excess-charge carrier

densities. Here, the overall external bimolecular lifetime (blue curve) is fixed to

(kextp0)−1 as indicated. With increasing excess-charge carrier density, τSRH rises

with an inflection point located at the doping concentration p0 ≈ 3 × 1015 cm−3,

while the lifetimes of higher order recombination mechanisms drop progressively.

The effective lifetime τbulk becomes first restricted by bimolecular recombination

before trimolecular, Auger recombination becomes the limiting mechanism at even

higher excess-charge carrier densities. During high level injection conditions, the

sum of minority- and majority-charge carrier lifetimes define τSRH, the bimolecular

lifetime is given by (kext∆n)−1 and the Auger lifetime (purple curve) is expressed

as (C∆n2)−1.
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Figure 4.4: (a) Bulk lifetimes τbulk of individual recombination processes as a function

of the excess-charge carrier density ∆n, namely Shockley-Read-Hall (SRH), Auger and

bimolecular (radiative and non-radiative) recombination. The black solid curve refers to

the effective bulk lifetime τeff. Furthermore, the vertical dotted line marks the excess-

charge carrier density ∆n ≈ 2.9×1015 cm−3 found in the absorber layer upon illumination

with one sun. (b) Internal luminescence quantum efficiency Qlum
i derived as the ratio

of the internal radiative recombination rate Rrad to the sum of all recombination rates

R = Rrad + Rnrad. Adapted with permission from [102]. Copyrighted by the American

Physical Society, 2016.

From a photovoltaic aspect, the effective charge-carrier lifetime τeff in the ab-

sorber layer upon one sun illumination is of particular interest for the performance

of a solar cell. Therefore, I derive the excess-charge carrier concentration ∆n gen-

erated upon steady-state illumination of one sun intensity in the next step. On
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Figure 4.6: Optical constants of a variety of materials employed as thin layers in a flat

solar cell stack as a function of wavelength: (a) refractive index nr and (b) extinction

coefficient k.

Qlum
i =

Rrad

Rrad +Rnrad
, (4.21)

which is illustrated in Fig. 4.4 (b) as a function of the excess-charge carrier density

∆n. Non-radiative Shockley-Read-Hall processes prevent high internal luminescence

quantum efficiencies at low level injection conditions. At one sun illumination,

charge carriers recombine radiatively with a quantum yield of Qlum
i ≈ 0.27. This

value is of particular interest for estimating the implied open-circuit voltage as dis-

cussed in Sec. 4.8. Due to the bimolecular nature, radiative recombination becomes

more essential in the range of higher excess-charge carrier densities. Therefore, Qlum
i
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4.5 Charge-carrier diffusion in thin films

rises gradually when proceeding towards higher excitation intensities. Eventually,

Qlum
i gets limited to a maximum value of about 0.6 at ∆n≈ 9×1016 cm−3 because of

the significant non-radiative bimolecular component, which allows only for an intrin-

sic radiative fraction of bimolecular recombination of κ ≈ 0.66, and the increasing

influence of non-radiative Auger recombination. The latter mechanism is the cause

that Qlum
i drops in the ultra high level injection regime.

4.5 Charge-carrier diffusion in thin films

As briefly mentioned before, shortly after the excitation process a homogeneous

charge-carrier distribution establishes across the layer thickness as illustrated in

Fig. 4.7. Here, I assume that the excess-charge carriers are initially exponentially

distributed based on a Lambert-Beer absorption profile with the absorption coef-

ficient α = 1.25 × 105 cm−1 at the wavelength λ = 498nm of the pulsed excitation

source. For the simulation according to the diffusion equation, I take a charge-carrier

mobility of µ= 20cm2 (Vs)−1 and reflecting boundary conditions into account while

I neglect recombination. As seen in Fig. 4.7, a nearly homogeneous distribution

profile is already established after one nanosecond, which is even shorter than the

applied integration time (∼ 2−5ns) of the camera. In the context of recombination,

harmonizing of the excess-charge carrier profile will happen only marginally faster.

Admittedly, the recombination rates scale up for locally increased excess-charge car-

rier densities ∆n but the effective bulk charge-carrier lifetime τbulk is always at least

one order of magnitude higher than the found diffusion time of approx. 1ns (see

Fig. 4.4). Therefore, as redistribution of charge carriers occurs on a fast time scale

than recombination events, it is legitimate to assume an immediate homogeneous

excess-charge carrier density right from the beginning of a time-resolved photolu-

minescence measurement of an organic inorganic perovskite thin-film. However, for

thick samples like single crystals, the effect of charge-carrier diffusion on the lumi-

nescence transients becomes severe and has to be implemented in the simulation of

time-resolved photoluminescence decays as I show in Chap. 5.

Furthermore, I evaluate the distance that an arbitrary minority-charge carrier

can travel driven by diffusion before it recombines upon the conditions present at
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Figure 4.7: Simulation of the flattening of an initially exponential excess-charge carrier

profile as the result of charge-carrier diffusion. Here, I use an absorption coefficient of

α = 1.25×105 cm−1 and a charge-carrier mobility of µ = 20cm2 (Vs)−1.

one sun illumination. This distance enables the identification of possible transport

limitations, which affects the working mechanism and may restrict the overall ef-

ficiency of a solar cell, and is denoted as the diffusion length of minority-charge

carriers Ld

Ld =
√

Dτeff, (4.22)

where τeff refers here to the effective bulk lifetime at one sun illumination (τbulk ≈
740ns). The diffusion constant D can be expressed in terms of the derived charge-

carrier mobility µ= 20cm2 (Vs)−1 according to the Einstein-relation as

D =
µkBT

q
, (4.23)

where kBT denotes the thermal energy and q is the elementary charge. Consequently,

I find a charge-carrier diffusion length of Ld ≈ 6µm, which substantially exceeds

typical thin-film absorber thicknesses of a few hundredths of nanometers. Thus,

transport limitations in such high quality perovskite layers can be excluded.
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4.6 Surface passivation and recombination

4.6 Surface passivation and recombination

Until now, I have only considered recombination in the volume of the perovskite

absorber layer and left out the effect of defects located at the surfaces of the ab-

sorber layer in the from of e. g. dangling bonds and uncoordinated atoms. To

account for non-radiative recombination implemented by surface defects, I intro-

duce an additional Shockley-Read-Hall recombination rate R̃s, which reads in the

case of electrons being the minority-charge carriers [146]

R̃s =
∆ns(p0 +∆ns)
∆ns

Sp
+ p0+∆ns

Sn

. (4.24)

Here, ∆ns denotes the local excess-charge carrier concentration at the surfaces.

The surface recombination velocities Sn and Sp for electrons and holes, respectively,

are a measure of how fast charge carriers recombine via localized surface defects and

are drained from the volume of the absorber layer to the surfaces by diffusion. For

the assumption that the volume contains significantly less defects than the surfaces,

the local excess-charge carrier concentration ∆ns at the surfaces will always be lower

than in the bulk due to sustained surface recombination. As the p-type doping found

in the examined sample is rather low, ∆ns for high excitation fluences might be still

larger than the doping concentration p0. When I additionally assume equal surface

recombination velocities for electrons and holes Sn = Sp = S, Eq. 4.24 simplifies

R̃s = ξS∆ns, (4.25)

where ξ varies between 0.5 − 1 depending on the prevalent injection level in the

sample (ξ = 0.5 for high level injection conditions and ξ = 1 for low level injection

conditions). For simplicity, I assume ξ = 1 in the following calculations. As R̃s

denotes the number of charge carriers recombining per surface area and time, I

rather transform Eq. 4.25 into a volume-related recombination rate Rs by taking

the absorber layer thickness d into consideration

Rs ≈ ξ
S

d
∆ns =

∆n

τs
. (4.26)
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Table 4.3: Minority-carrier lifetimes for perovskite thin-films with different dwell time in

ambient air derived from the exponential time-resolved photoluminescence decays in Fig.

4.8. Additionally, the relative lifetime gains in terms of the reference value are indicated.

minority-carrier lifetime relative gain

reference (26±6)ns 1.0

10 min in air (139±13)ns 5.3±2.0

20 min in air (161±6)ns 6.2±2.3

120 min in air (472±33)ns 18.2±6.9

60 min annealed in air (471±32)ns 18.1±6.9

ambient air (relative humidity RH ≈ 50%, ambient temperature T ≈ 26◦C) exhibits

a remarkable trend on the long-term decay of photoluminescence transients. Here, I

processed thin films inside a nitrogen filled glovebox, including spin-coating as well

as annealing steps, and, subsequently, exposed them to ambient air for different

dwell times t= (0−120)min. Additionally, one sample was annealed in ambient air

for t= 60min. The minority-charge carrier lifetimes derived from mono-exponential

fits (see straight lines in Fig. 4.8 (a)) of the time-resolved photoluminescence decays

are listed in Table 4.3 and improve by a factor of 18 ± 7 with increasing exposure

time in ambient air compared to the reference sample, which is not exposed to air

at all. Despite the change of the visual impression of perovskite samples from orig-

inally glossy to eventually matt during the exposure (see also Fig. 4.8 (b)), the

absorptances measured by photothermal deflection spectroscopy remain unaffected

by the treatment (see Fig. 4.9). The latter finding indicates that the perovskite bulk

material quality is maintained as the well resolved sub-band gap characteristics are

virtually identical, which are associated with structural disorder and the presence

of defect states in the bulk. Additionally, no apparent shifts in the absorption onset

are identified. For these reasons, I assume that the change in the visual impression

of the samples can be attributed to recrystallization processes of the polycrystalline

films to a varying extent. However, as the bulk properties in terms of impurities

and defects turn out to be unchanged, air exposure seems to modify the surface

chemistry of polycrystalline perovskite films by reducing surface defect states and

possibly passivating defect-rich grain boundaries. As a consequence, I attribute the
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4 Time-resolved photoluminescence from perovskite thin films

Figure 4.9: Normalized photothermal deflection spectroscopy absorptances for perovskite

thin-films with different dwell times in ambient air.

improved minority-charge carrier lifetimes upon air exposure exclusively to an en-

hancement of the surface lifetime τs, which in turn leads to an improved effective

lifetime τSRH,eff based on equal bulk Shockley-Read-Hall lifetimes τSRH according

to Eq. 4.27. Hence, surface recombination typically limits the attainable effective

lifetime τSRH,eff in perovskite thin films and neutralizing surface defects is essential

in order to be able to derive bulk properties from photoluminescence transients.

Here, the surface passivation effect is attributed to moisture, which partly solvates

methylammonium and, thus, causes a ”self-healing” of perovskite surfaces by a re-

duction in trap state density as speculated in the literature [151]. Oxygen alone does

not exhibit the same beneficial passivation effect [151,152]. Besides the passivation

effect attained by residual lead iodide [153] and the influence of moisture [151],

respectively, also ligand passivation of perovskite surfaces is achieved by applying

various Lewis bases like pyridine [154, 155] and trioctylphosphine oxide [11], which

are assumed to act as electron donors for under-coordinated Pb atoms.

In order to gain a deeper understanding of the different surface chemistry, I

show X-ray photoelectron spectroscopy (XPS) measurements in Fig. 4.10 of per-

ovskite films annealed in a moisture-containing environment (blue line, RH ≈ 35%)

and in dry nitrogen (red line), respectively. Both survey scans reveal the existence
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of all the elements expected for CH3NH3PbI3 perovskite and closely resemble with

the exception that additional peaks are identified and some are more pronounced

for the film exposed to moisture. Figure 4.11 shows a selection of high resolution

XPS scans for various peaks. The prominent differences between the samples are

the occurrence of additional Pb 4f7/2 and Pb 4f5/2 peaks, which are denoted with

(B) in Fig. 4.11 (a) and are not resolved in panel (f). The change in binding energy

Eb relies on a chemical shift due to a different chemical bonding environment of

lead atoms and indicates that lead exists in different phases at the surface of the

perovskite film exposed to moisture. Furthermore, chlorine peaks 2p3/2 and 2p1/2

are only identified when the perovskite film is treated with humidity (see Fig. 4.11

(e)). Additionally, the oxygen 1s peak in Fig. 4.11 (d) is more pronounced than in

panel (i) due to the uptake of water molecules during the exposure of the film to

moisture.

Moreover based on the intensity of the individual elemental peaks, I deduce

the stoichiometric composition of perovskite with respect to lead (4f (A) peaks) at

the surface resulting in (CH3NH3)1.15PbI3.33 for the film annealed in dry nitrogen

and (CH3NH3)0.78PbI2.49 for the film annealed in moisture atmosphere. While in

the former perovskite composition, lead located at the surfaces is over-coordinated

and, thus, forms possible recombination centers, lead in the latter composition ap-

pears to be rather under-coordinated. However, perovskite decomposes in a humid

environment according to the proposed reaction scheme [156,157]

CH3NH3PbI3 (s.)
H2O−−−→ (−CH2−)(s.)+PbI2 (s.)+NH3 (g.) ↑ +HI(g.) ↑ (4.28)

and solid (s.) residuals like lead iodide and hydrocarbons remain on the surface while

other resulting compounds are volatile (g.). Therefore, I propose that a fraction of

lead in the form of Pb2+ (found as Pb (A) peaks) is actually chemically bound as

PbI2 or even PbCl2 instead of being entirely incorporated in the perovskite structure

as assumed for the previous estimation of the stoichiometric composition at the sur-

face. The obtained surface passivation effect in the presence of moisture is believed

to stem from a thin residual layer of lead halides covering the perovskite grain sur-

faces and boundaries due to a local degradation of perovskite material [153]. Based

on the smaller band gap of perovskite compared to the surrounding lead halides, an
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Figure 4.10: X-ray photoelectron spectroscopy spectra of two perovskite thin films, where

the blue line and the red line represent a perovskite sample annealed inside a climate box

in a moist atmosphere (relative humidity RH ≈ 35%) and inside a glovebox filled with

nitrogen, respectively.

energy barrier for charge carriers towards the interface is building up. The resulting

band alignment is believed to expel charges from the perovskite surface leading to

suppressed surface recombination [153]. It shall be noted here, that excessive ex-

posure to high humidity levels damage perovskite films due to severe degradation

by destabilizing the perovskite structure. The chemical reaction 4.28 promotes the

formation of hydrocarbons, which could explain the increased intensity found from

the carbon 1s orbital in Fig. 4.11 (c) compared to (h).

Now, I will address the issue of the additional lead peaks (B) found for the

perovskite film exposed to a humid atmosphere (see Fig. 4.11 (a)), which are shifted

towards lower binding energies. Typically, a decrease in binding energy is caused by

a reduced electrostatic shielding e. g. as a consequence of the addition of valence

electron charge. Here, I find the Pb 4f7/2 and 4f5/2 peaks to be located at Eb ≈
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Figure 4.11: High resolution narrow X-ray photoelectron spectroscopy scans (black cir-

cles) of selected peaks shown in the survey spectra in Fig. 4.10 for a perovskite film

annealed in a moist atmosphere (panels (a) - (e)) and in nitrogen (panels (f) - (i)). Addi-

tionally, diverse fits and background lines are shown as solid and dotted lines.
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137.0eV and Eb ≈ 141.8eV, respectively. These positions are in excellent agreement

with those of elemental lead [158, 159]. Pb2+ cations in halide compounds can be

reduced in a humid environment or upon illumination when undergoing the reaction

[157]

PbI2 (s.)
H2O,hν−−−−−→ Pb(s.)+ I2 (g.) ↑ . (4.29)

Thus, after a two-step degradation process (Eq. 4.28 and 4.29), lead can be

present at the surface in its elemental form. Charge-carrier quenching at elemental

lead is apparently not a relevant issue as the minority-charge carrier lifetime increases

with prolonged exposure time of perovskite to moisture (see Tab. 4.3).

After having highlighted the need and the successful realization of surface pas-

sivation, I will give estimations of the attainable surface lifetimes and recombination

velocities in the following. The perovskite film has two interfaces, where the front

surface is in touch with the surrounding atmosphere (i. e. nitrogen during the pho-

toluminescence measurements) and the rear side finishes with the glass substrate.

If I assume that the perovskite/glass interface is perfectly passivated (rear surface

recombination velocity Sr = 0) and the perovskite/N2 interface still exhibits surface

defects due to inadequate passivation, a non-zero surface recombination velocity

Sf = S is found at the front. In this case, the resulting surface lifetime τs is well

approximated in the case of an electrical field free volume by the relation [160]

τs
∼= d

S
+

4

D

(

d

π

)2

. (4.30)

Figure 4.12 (a) illustrates which values of the surface recombination velocity

S fulfill Eq. 4.30 for various layer thicknesses d and surface lifetimes τs. Due to the

high values of diffusion constants determined for perovskite materials, the attainable

surface lifetime for thin films with a thickness of some hundreds of nanometers

is limited by the recombination velocity at the surfaces (first term in Eq. 4.30).

For single crystals with d ≫ 1µm, τs detaches from its influence by the surface

recombination velocity S to an increasing extent as the diffusive transport of charge

carriers from the bulk towards the surfaces becomes the limiting process (second

term in Eq. 4.30). Under the assumption that the volume of the absorber would be

84



4.6 Surface passivation and recombination

Figure 4.12: Surface lifetimes τs, which can be expected for different layer thicknesses d

and a given mobility of 20cm2V−1s−1, as a function of (a) surface recombination velocities

S, which are different at the front and back interfaces, namely Sf = 0, Sb = S. In panel (b),

equal surface recombination velocities are assumed (S = Sf = Sb). The blank area in the

lower right corners cannot be addressed even by extreme high S values as charge-carrier

diffusion towards the surfaces becomes the limiting process in this region and, thus, is

defining the boundary. The dotted black line indicates the possible surface lifetimes for

the observed layer thickness of d = 311nm. The marked origin reflects the lower limit

in the case of non-existing defect-related recombination in the bulk, when τs is simply

given by the obtained SRH lifetime τs ≈ 950ns upon one-sun illumination. Adapted with

permission from [102]. Copyrighted by the American Physical Society, 2016.

completely free of defects as a matter of fact (τSRH → ∞), the observed trap-assisted

recombination would exclusively occur at the surfaces implying that the surface

lifetime τs is identical with the effective Shockley-Read-Hall lifetime τeff,SRH ≈ 950ns

derived under one sun illumination conditions. Consequently, I find a low upper limit

for the surface recombination velocity of S . 33cm/s, which is indicated as the onset

of the arrow in Fig. 4.12 (a). Similar values are reported for passivated Si wafers

[161, 162] indicating that perovskite surfaces are exceptionally well passivated even

when attributing the observed trap-assisted recombination to the surfaces alone.

Analogously, for the case that both perovskite interfaces are actually equal

in terms of the surface recombination velocity Sf = Sr = S, the surface lifetime is

derived as [160]
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4 Time-resolved photoluminescence from perovskite thin films

τs
∼= d

2S
+

1

D

(

d

π

)2

. (4.31)

Consequently, the upper limit of the surface recombination velocity becomes

smaller with S . 16cm/s. The corresponding situation according to Eq. 4.31 is

illustrated in Fig. 4.12 (b). In the scenario of allocating the Shockley-Read-Hall

recombination both to the surfaces and the bulk, the actual surface recombination

velocity S will become even lower (following the dotted arrow in Fig. 4.12 (a) and

(b)). Typical charge-carrier lifetimes of hundreds of nanoseconds found in the litera-

ture for thin films correspond to surface recombination velocities of about 100cm/s

and less and indicate that defects at the sample surfaces are necessarily neutral-

ized by (partially unintentional) surface passivation processes. On the contrary, a

surface recombination velocity of 3400cm/s is obtained for unpassivated surfaces

of perovskite single crystals [163]. This finding emphasizes the need for effective

perovskite surface passivation.

4.7 Fundamental semiconductor properties

Proceeding from the deduced internal radiative recombination coefficient kint
rad, I

derive further intrinsic semiconductor properties, which are listed in Tab. 4.4. For

the following inferences, I rely on the principle of detailed balance. Based on the

correlation that the radiative recombination rate at thermal equilibrium matches

the generation rate of electron-hole pairs by thermal radiation, van Roosbroeck and

Shockley derived in 1954 the relation [20]

kint
radn

2
i =

∫

∞

0
4πn2

r (E)α(E)φbb(E)dE. (4.32)

Equation 4.32 thus connects diverse internal semiconductor properties, namely

the internal radiative recombination coefficient kint
rad, the intrinsic charge-carrier con-

centration ni, the refractive index nr and the absorption coefficient α. As the value

of the internal radiative recombination coefficient is deduced from the radiative

fraction κ of the total internal bimolecular recombination coefficient, the intrinsic

charge-carrier concentration ni itself is correlated to κ as I show in Fig. 4.13. Based
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Table 4.4: List of fundamental semiconductor properties of CH3NH3PbI3 perovskite for

a band gap of Eg = 1.6eV when assuming a radiative fraction of the internal bimolecu-

lar recombination coefficient of κ = 0.66. The intrinsic charge-carrier concentration ni,

product of densities of states NcNv in the conduction and valence bands, and the joint

charge-carrier mass m∗

j in terms of the electron rest mass are derived by means of the van

Roosbroeck-Shockley relation (Eq. 4.32) at room temperature (T = 300K). Additionally,

a prediction of the open-circuit voltage Voc upon one sun illumination is provided.

ni (cm−3) NcNv (cm−6) m∗

j Voc (V)

(2.62±0.12)×105 (5.2±3.2)×1037 0.435±0.075 1.22±0.02

on the already deduced material properties, I find an intrinsic charge-carrier concen-

tration of ni = (2.62±0.12)×105 cm−3 for κ= 0.66 at room temperature (T = 300K)

from the van Roosbroeck-Shockley relation.

Furthermore, by applying the law of mass action [164]

n2
i =NcNve−Eg/(kBT ), (4.33)

I provide values of the product of the densities of states NcNv in the valence and

conduction band (see Tab. 4.4). In doing so, I rely on band gap energy of Eg =

1.60eV for CH3NH3PbI3 perovskites. Because the share of each density of states in

the product NcNv cannot be separated, I am not able to determine effective masses

for each charge-carrier type but rather state a ”joint” effective mass mj according

to the relation [164]

√

NcNv = 2

(

2πmjkBT

h2

)3/2

. (4.34)

Nevertheless, effective electron and hole masses are reported in the literature

to be quite similar with m∗

eff ≈ 0.1 − 0.3 [70–72], which also hints at similar density

of states Nc and Nv and allows the direct comparison with the here derived joint

effective mass mj = 0.435 ± 0.075. Apparently, mj is slightly higher than literature

values of m∗

eff. Due to the exponential dependence of the product of the densities

of states NcNv in the valence and conduction band on the band gap energy Eg (see

Eq. 4.33), already small variations in Eg change the deduced NcNv and the joint
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Figure 4.13: Intrinsic charge-carrier concentration ni as a function of the radiative frac-

tion κ of the internal bimolecular recombination coefficient based on the van Roosbroeck-

Shockley relation.

effective mass mj tremendously. As the band gap of CH3NH3PbI3 may vary in the

range of Eg ≈ (1.55 − 1.60)eV [165], for the lower limit of Eg, I find a significantly

decreased joint effective mass of mj = 0.235, which is within the range of literature

values.

4.8 Prediction of the implied open-circuit voltage

Upon illumination at open-circuit conditions, all photo-generated charge carriers

have to recombine eventually as they will not be extracted as current. Thus, the

open-circuit voltage Voc is a suitable physical property which addresses recombina-

tion losses of different kinds. In the following, I show the prediction of the implied

open-circuit voltage Voc based on findings from time-resolved photoluminescence

measurements. This estimation represents a simply way to quantify the quality of

any absorbing material and its applicability in photovoltaic devices. As I investigate

here the bulk absorber quality, I fortunately do not have to consider possible influ-

ences of surrounding transport layers on the perovskite interfaces like in a complete

device, for instance, in the form of charge-carrier quenching, interface states and/or
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dipoles and band bending. Due to the exceptionally low surface recombination ve-

locities, I assume well passivated and nearly defect-free perovskite surfaces, where

any form of charge-carrier recombination takes place in the bulk only.

The maximum attainable open-circuit voltage V rad
oc is given for the radiative

limit, when the only present recombination loss mechanism is spontaneous radiative

recombination, which can not be avoided from a thermodynamic consideration due

to the principle of detailed balance. Exchanging the ideal step-like absorption in

the approach of Shockley and Queisser [166] by absorption values in more realistic

scenarios A(E) [21, 22], V rad
oc is obtained as

V rad
oc =

kBT

q
ln
(

Jsc

J rad
0

)

=
kBT

q
ln









∫

∞

0
εinA(E)φsun(E)dE

∫

∞

0
εoutA(E)φbb(E)dE









, (4.35)

where Jsc is the short-circuit current density, J rad
0 is the radiative saturation current

density and φsun is the solar spectrum. The étendue of outgoing and incident light

is denoted as εout and εin, respectively. I calculate the absorptance A(E) of the

311nm-thin CH3NH3PbI3 film embedded in the in the hypothetical solar cell stack

depicted in Fig. 4.5 and find a theoretical maximum open-circuit voltage of V rad
oc =

(1.32±0.01)V. As an extension to the ideal Shockley-Queisser approach, also non-

radiative recombination can be addressed [29–31] in the form of the external LED

quantum efficiency QLED
e [100,142,143]

Voc = V rad
oc +

kBT

q
ln
(

QLED
e

)

, (4.36)

whereas the external LED quantum efficiency QLED
e and the internal luminescence

quantum efficiency Qlum
i are linked by the relation [27,28]

QLED
e =

peQ
lum
i

1−Qlum
i (1−pe −pa)

. (4.37)

Here, the term 1 − pe − pa corresponds to the probability pr of photon re-

absorption by the absorber layer (see Eq. 4.13). As the probability pa of parasitic

photon absorption is not easily deduced, I simply set pa = 0 in the following and
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assume optically transparent transport films. The thus derived QLED
e and Voc, re-

spectively, represent upper limits. Based on Eq. 4.14, I find for a perovskite solar

cell with back reflector an outcoupling efficiency for internally generated photons of

pe ≈ 0.057. Upon one sun illumination, the internal luminescence quantum efficiency

was previously derived as Qlum
i ≈ 0.27 in Sec. 4.4. These findings lead to an external

LED quantum efficiency of QLED
e ≈ 0.020 according to Eq. 4.37. Equation 4.36 can

be expressed according to Eq. 4.35 and 4.37 in the alternative form [28]

Voc =
kBT

q
ln









∫

∞

0
A(E)φsun(E)dE

∫

∞

0
A(E)φbb(E)dE









+
kBT

q
ln
(

εin

εout

)

+
kBT

q
ln
(

pe

pe +pa

)

+
kBT

q
ln
(

(pe +pa)Qlum
i

(1−Qlum
i )+(pe +pa)Qlum

i

)

,

(4.38)

which allows me to discriminate term by term the entropic open-circuit voltage

loss processes. The first term corresponds to losses related to imperfect absorption

and photon cooling addressing the different temperatures of the incoming and the

outgoing photons, which in the present case drops down to a voltage of 1.597V.

Étendue expansion between the incident and the emitted photons accounts for ∼
278meV for non-concentrated solar cells, as the étendue of incoming sun light is

found to be εin ≈ 6.8 × 10−5Scell due to geometrical considerations [167, 168], while

the étendue of outgoing light into a hemisphere of air is given as εout = πScell.

As I set pa = 0 for simplicity, the third term describing losses based on parasitic

absorption cancels out. Defect-related open-circuit voltage losses sum up by non-

radiative recombination in the volume to ∼ 100mV upon illumination of one sun.

In comparison, organic solution-processed absorber materials exhibit significantly

higher non-radiative open-circuit voltage losses of 0.34 − 0.44V [143]. Ultimately,

the potential open-circuit voltage, which can be realized based on the quality of

the investigated perovskite material, becomes Voc ≈ (1.22 ± 0.02)V. The different

voltage loss processes are illustrated as colored domains in Fig. 4.14 as a function of

the internal luminescence quantum efficiency Qlum
i . Additionally, the open-circuit

voltage can also be predicted based on the relation
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4.8 Prediction of the implied open-circuit voltage

Figure 4.14: Entropic loss processes reducing the open-circuit voltage Voc as a function of

the internal luminescence quantum efficiency Qlum
i for a probability of photon outcoupling

of pe = 0.057 and neglecting parasitic absorption pa = 0, namely (1) photon cooling, (2)

étendue expansion and (3) non-radiative recombination in the volume of the absorber

layer. The indicated values and arrows illustrate the situation upon illumination with one

sun.

Voc =
kBT

q
ln

(

np

n2
i

)

=
Eg

q
− kBT

q
ln

(

NcNv

np

)

, (4.39)

which is an equivalent expression of Eq. 4.36 (see supporting information of Ref.

[102]). Together with the semiconductor properties derived in Sec. 4.7, I re-

veal a similar prediction of Voc ≈ 1.21V. Some measured open-circuit voltages of

CH3NH3PbI3-based photovoltaic solar cells already exceed 1.15eV [60]. Slightly

different perovskite compositions with a band gap in the vicinity of Eg ≈ 1.6eV ap-

proach open-circuit voltages of Voc = 1.2V [169] and even surpass this value [61],

respectively, due to a better control over material quality and minimal non-radiative

recombination losses. Consequently, the implied open-circuit voltage Voc is a realis-

tic approach to estimate the attainable open-circuit voltage of a photovoltaic device

based on the material properties of the perovskite absorber layer.
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4 Time-resolved photoluminescence from perovskite thin films

As a last step, I quantify the hypothetical impact of photon recycling on the

open-circuit voltage upon one sun illumination. In so doing, I assume in a gedanken

experiment that I can switch off photon recycling. Consequently, the denominator

in Eq. 4.37 will be set to 1 and the external LED quantum efficiency will be linearly

linked to the internal luminescence quantum efficiency by QLED
e ≈ peQ

lum
i . Thus,

the external LED quantum efficiency slightly drops down to QLED
e ≈ 0.015 and the

resulting open-circuit voltage will be reduced by ∼ 8mV, which can be attributed

to the intrinsic voltage gain by recycled photons. This estimate demonstrates that

photon recycling is already a relevant process in predicting efficiencies and open-

circuit voltages. With improved perovskite material quality, devices will operate

closer to the radiative limit and strategies of photon management are becoming more

important, i. e. suppression of parasitic absorption and maximizing the amount of

recycled photons which will contribute to the photovoltage [13,170].
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5 Time-resolved photoluminescence

from single crystals

In this chapter, I study the impact of recombination, reabsorption, photon recycling

and charge-carrier diffusion on time-resolved photoluminescence from single per-

ovskite crystals, which is detected in transmission and reflection mode, respectively.

Both photon recycling and diffusion have the ability to transport charges within the

crystal. However, diffusion is identified to be the dominant transport mechanism

and continuously shapes the charge-carrier profiles. Photon recycling rather makes

its appearance by its sustaining function of preserving charge carriers. Reabsorption

effects modify the photoluminescence spectra and give rise to observed spectral shifts

during the measurements.

5.1 Introduction

Beside thin films, single crystals made of organic-inorganic perovskites have been

successfully fabricated from the liquid phase, too [90,91,93,171]. Single crystals ex-

hibit reduced defect densities and, therefore, their material quality and carrier trans-

port properties surpass these of thin films (see Tab. 3.1). New potential application

in opto-electronics result from the increase in size from hundreds of nanometers (thin

films) to several millimeters, e. g. highly narrowband photodetectors [172], x-ray

detectors [173], and sensors for environmental gases with high sensitivity [174]. Due

to their large thickness and high luminescence quantum yields [12, 175], perovskite

crystals have become an ideal object of study to investigate reabsorption of lumi-

nescence [176–180], charge carrier transport [181,182] and charge carrier recombina-

tion [183,184]. In perovskite single crystals, extremely long charge-carrier transport
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5 Time-resolved photoluminescence from single crystals

lengths of some hundred micrometers have been reported [181, 182]. It is still up

for debate what underlying transport mechanism causes these long charge-carrier

transport lengths as contradictory statements have been made. Some publications

report that charge-carrier diffusion in combination with high mobilities and long

lifetimes plays the dominant role in carrier transport [178, 180, 185]. Other reports

reveal that charge carriers can be efficiently transported over long distances by pho-

ton recycling [179, 186–188]. This effect has been observed in perovskite materials

and its impact on luminescence properties has been described [102, 186, 188–190].

Only a limited number of physical models [188] exist today which are able to suf-

ficiently disentangle the impact of diffusion and photon recycling and also take the

geometry of the sample into account. In the following, I present an approach to

understand time-resolved photoluminescence in perovskite single crystals by taking

into consideration the interplay of all relevant charge-carrier processes at once; this

model [191] includes radiative and non-radiative charge-carrier recombination in the

bulk, recombination via defects at the crystal surfaces, and charge-carrier transport

by diffusion as well as photon recycling. The latter effect describes the (multiple)

conversion processes of excited states into photons and vice versa. After radiative

recombination of charge carriers at locations xr, charges might be re-generated by

absorption of radiation at quite different locations xg. The radiative interaction

between different positions is described in detail in Sec. A.3. By modeling exper-

imental findings, I reveal that the relevant charge-carrier transport mechanism in

thick perovskite crystals during a transient spectroscopy measurement is charge-

carrier diffusion.

5.2 PDS absorptance of perovskite single crystals

In order to investigate the quality in respect of purity and structural order of per-

ovskite single crystals, the absorption onset dynamics of perovskite single crystals

were investigated by photothermal deflection spectroscopy (PDS). The normalized

PDS absorptance A is depicted in Fig. 5.1 for a CH3NH3PbBr3 crystal as orange

curve. The steep increase in normalized absorptance at about 2.25 eV marks the

band gap of the perovskite material. As seen before in Fig. 3.4, the band gap of
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perovskites can be significantly altered by the choice of halide elements in these

compounds. Bromine incorporation results therefore in a wider band gap as seen

for iodine in Sec. 3.6. For photon energies below E ∼ 2.15 eV, the absorptance

signal drops exponentially, but considerably less pronounced than for the band gap

region. Sub-band gap absorption is characteristic for disorder and shallow defect

states. The appearance of a significant amount of defects seems to be unusual for

a highly ordered system like a single crystal. However, these defects are located at

and near the crystal surface, respectively, as it can be deduced from the phase in-

formation ϕ between the modulated excitation signal and the deflected probe signal

observed during the PDS measurement (black dashed line in Fig 5.1). Let us first

consider the phase in the situation of full absorption (E & 2.25 eV). High energy

photons are typically absorbed close to the surface and, therefore, the phase remains

at a constant level. While the absorption coefficient drastically decreases for pho-

tons with energies around the band gap, the absorption profile flattens and photons

are progressively absorbed in the bulk to a higher extent. As heat generated by

recombination in the bulk needs now in average more time to be transported to the

surface, where it causes the deflection of the probe beam, the phase changes rela-

tively in comparison to the situation of full absorption. Going towards lower photon

energies E . 2.15 eV (entering the sub-band gap region), the phase in Fig. 5.1 re-

turns now to the same value observed for full absorption of high energy photons.

Consequently, the sub-band gap absorption occurs mainly in regions very close to

the surface. Thus, I identify a significant amount of defects which are present at the

crystal surface while the bulk seems to be less affected by sub-band gap states. Such

surface-near defects can simply arise for example due to a lack of binding partners

for lattice components at the sample edges. Additionally, due to the fabrication

process from the liquid phase, solvent residues can remain on the surfaces and act

as charge-carrier traps. Furthermore, decomposition and degradation will be more

prominent at the crystal surfaces than in the bulk. Trap states act in general as

non-radiative recombination centers for charge carriers. This implication and the

fact, that the surface is more prone to the formation of defects than the bulk, is

considered in the transient photoluminescence simulations described in Sec. 5.4.1.
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Figure 5.1: Normalized absorptance A of a CH3NH3PbBr3 single crystal measured by

photothermal deflection spectroscopy (PDS) shown as orange solid line. Additionally, the

corresponding phase ϕ between the modulated excitation signal (pump) and the deflected

probe signal is indicated as black dashed line.

5.3 Photoluminescence measurement configurations

For the precise analysis of charge-carrier processes in perovskite crystals, I measured

time-resolved photoluminescence in two different measurement configurations as il-

lustrated in Fig. 5.2. In the first configuration, the single crystal is illuminated by

the excitation pulse from the front side, which is the same side from which lumi-

nescence is detected by the gated camera. This approach, denoted here as front

side illumination, was used as a standard for the characterization of perovskite thin

films in Chap. 4 and 6. Due to a high absorption coefficient at the photon energy

of the excitation source, charge carriers and, subsequently, photoluminescence are

mainly generated in close proximity to the sample surface. Therefore, the lumi-

nescence has to pass only through marginal segments of the entire crystal before

it can be coupled out of the front side of the sample and detected in this configu-

ration. Upon back side illumination on the other side, luminescence is detected in

transmission mode. Especially in this configuration, detected luminescence has to

traverse the entire thickness while the crystal acts basically as a filter for its own lu-

minescence. Therefore, different photoluminescence spectra in terms of shape, peak

position and intensity but also differences in the temporal changes of the mentioned

properties can be expected for the two measurement configurations. In the following,
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Figure 5.3: (a) Initial photoluminescence spectra of a CH3NH3PbBr3 single crystal,

which is excited with a photon density of φphot = 2.9 × 1014 cm−2 and a photon energy

of E = 3.07eV. Here, the spectra (triangles) are recorded in two different measurement

configurations (see also Fig. 5.2), denoted as front side illumination (blue) and back side

illumination (red). Additionally, simulated spectra are shown as solid lines. (b) Absorption

coefficient α derived from modeling the photoluminescence spectra shown in panel (a).

nation is abruptly cut off. Thus, the corresponding peak shows a significant red

shift of ∼ 150 meV. Furthermore, a weak shoulder in the falling edge of the spec-

tra detected for back side illumination is apparent in measurement. This feature

could not be reproduced by simulations (solid lines) and its cause is not completely

clarified. I suspect that either luminescence generated in domains away from the

optical axis or scattered at a rough sample surface is coupled into the spectrometer

at angles θ≫ 0 and, eventually, impinges after diffraction on the camera at different

locations as expected for a certain wavelength. As a consequence, such an off-axis

signal could be falsely interpreted as the appearance of a spectral feature, which is

actually absent.
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5.4 Simulations and fundamentals

5.4.1 Simulating photoluminescence decays

In order to understand the experimental time-resolved photoluminescence findings,

which are presented in the following, I will first cover some fundamentals regarding

simulations of transient photoluminescence from single crystals. The assumption

that the charge-carrier profile along the sample thickness is always constant at a

given time after pulsed optical excitation (see Sec. 4.5) is not valid for ”thick”

samples anymore. Therefore, in the simulations I have to consider the individual

charge-carrier concentrations n(x,t) at each position x in the sample and at a given

time t (or in vector notation n(t)). Then the continuity equation reads in linear

matrix notation

∂n

∂t
= G

ext(t)+
(

T −R+Gint
)

n, (5.1)

where G
ext(t) represents the generation vector due to pulsed excitation and is there-

fore limited to a short time only. Additionally, T , R and Gint are linear matrix op-

erators for charge-carrier transport, recombination and internal generation, which

affect the spatial charge-carrier concentration n(t) and are explained in Appendix

A in more detail. Photoluminescence spectra contain information on the depth-

dependent charge-carrier density as the sample will reabsorb its own emission. In

case of an exponential (re-)absorption profile based on the Lambert-Beer law, the

photoluminescence flux φPL(E,t) signal reads

φPL,fsi(E,t) ∝
∫ d

0
α(E)φbb(E)n(x,t)p(x,t)exp(−α(E)x) dx (5.2)

upon front side illumination and

φPL,bsi(E,t) ∝
∫ d

0
α(E)φbb(E)n(x,t)p(x,t)exp(−α(E)(d−x)) dx (5.3)

when photoluminescence has to traverse the entire crystal upon back side illumi-

nation before it can be detected. The only difference in the photon fluxes between
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Figure 5.4: Normalized photoluminescence decays from measurements (open symbols)

of a CH3NH3PbBr3 single crystal for different applied photon densities φphot. Panels (a)

and (b) represent the same time-resolved photoluminescence data recorded upon front side

illumination on different scales, while panels (c) and (d) show the same photoluminescence

data upon back side illumination, respectively. Simulated photoluminescence decays are

indicated as solid lines.

front (Eq. 5.2) and back side illumination (Eq. 5.3) is a different exponent in the

reabsorption term. As perovskite single crystals are found to be intrinsic semicon-

ductors [192], I assume that hole p(x) and electron concentrations n(x) are equal

at each position x and also that the hole µp and electron mobilities µn are similar

µ= µn = µp.

The transient photoluminescence signal IPL(t) can now be calculated by inte-

grating the respective emitted photon flux φPL(E,t) over photon energy E. Figure

5.4 shows the normalized photoluminescence decays IPL,norm(t) obtained by mea-

surement in open symbols as a function of time for different applied excitation den-

sities φphot. Upon front side illumination (a, b), even for two orders of magnitude
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Table 5.1: Transport and recombination parameters applied and derived from modeling

transient photoluminescence data of a CH3NH3PbBr3 perovskite single crystal.

Auger recombination coefficient C 5.0×10−28 cm6 s−1

internal radiative recombination coefficient kint
rad 5.5×10−11 cm3 s−1

bulk Shockley-Read-Hall lifetime τSRH 2.5 µs

charge carrier mobility µ 15 cm2 V−1 s−1

front surface recombination velocity Sf 6700 cms−1

back surface recombination velocity Sr 1100 cms−1

crystal thickness d 0.17 cm

difference in excitation density φphot, only a moderate change in decay behavior

is found. All curves exhibit a strong initial decay (∼ three orders of magnitude

decrease in normalized signal strength until ∼ 100 − 200 ns) followed by a rather

moderate decay. Transient photoluminescence data recorded upon back side illu-

mination (c, d) show a more pronounced diversification of the recorded signals for

different excitation densities. A good conformity between experiment and simulation

can be achieved. Table 5.1 lists the parameters used in both simulations for front

and back side illumination, respectively. From simulation, a charge-carrier mobility

of µ = 15 cm2 V−1 s−1 is found. OPTP experiments performed by Hannes Hempel

from Helmholtz Zentrum Berlin reveal a value of the combined electron and hole

mobilities of Σµ= 28 cm2 V−1 s−1. When assuming a balanced transport of electrons

and holes, the mobility values from experiment and simulation are in good agree-

ment. Consequently, time-resolved photoluminescence can also be applied as tool

to estimate charge-carrier mobilities and surface recombination velocities in single

crystals and thick films. In order to cover especially the different dynamic ranges

of the photoluminescence transients upon front and back side illumination, different

values of the surface recombination velocity have to be assumed at the front side

(Sf = 6700 cm/s) and the back side of the single crystal (Sf = 1100 cm/s). Dur-

ing crystal growth from the liquid phase, the different surface orientations might

be prone to the formation of defects to varying extent and could give rise to the

observed difference in the recombination velocities between front and back side.
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pared to Eq. 5.4 and the corresponding photon flux φPL,bsi(E,x) becomes

φPL,bsi(E,t) ∝ α(E)φbb(E)exp(−α(E)(d−x(t))) . (5.5)

In order to calculate the spectral photoluminescence shift, the spectrum at

time t (emitter plane has moved to position x0 +∆x(t)) is normalized to the initial

spectrum (emitter plane is located at x0). Consequently, the following spectral shifts

can be expected upon front side illumination

IPL,norm,fsi(E,t) =
φPL,fsi(E,x0 +∆x(t))

φPL,fsi(E,x0)
∝ exp(−α(E)(x0 +∆x(t)))

exp(−α(E)x0)

∝ exp(−α(E)∆x(t)) .

(5.6)

Upon front side illumination, the internally emitted luminescence emitted has to

cover an increasing distance (x0 + ∆x(t)) to the front surface over time before it

can leave the crystal. At the same time, high energy photons are more likely to

be reabsorbed by the crystal itself than low energy photons based on the different

spectral values of the absorption coefficient α(E). Therefore, the high energy part

of the recorded luminescence spectra is attenuated to a greater extend compared to

the low energy part as charge carriers move into the bulk. The spectral trend upon

back side illumination

IPL,norm,bsi(E,t) =
φPL,bsi(E,x0 +∆x(t))

φPL,bsi(E,x0)
∝ exp(α(E)(x0 +∆x(t)))

exp(α(E)x0)

∝ exp(α(E)∆x(t))

(5.7)

is expected to be reversed as the reabsorption distance will in this configuration

decrease over time (d−x0 − ∆x(t)) resulting in an apparent slower decay of high

energy photons than low energy photons.

Apparently, the outcomes of Eq. 5.6 and Eq. 5.7 are each other recipro-

cals. In the range of low photon energies, when α(E)∆x ≪ 1, both IPL,norm,fsi and

IPL,norm,bsi become 1 and in both cases no spectral changes are expected. At high

photon energies (α(E)∆x > 1), the expression for front side illumination tends to-

wards zero leading to a strong attenuation of the photoluminescence intensity. On
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5 Time-resolved photoluminescence from single crystals

the contrary, a reverse trend is expected for back side illumination as the expression

tends now towards infinity resulting here in a high amplification of the photolumines-

cence intensity. Spectral photoluminescence shifts will therefore become apparent

in the transition range between low and high photon energies and a reverse trend is

expected among the two different luminescence measurement configurations.

5.5 Time-resolved photoluminescence spectra

5.5.1 Findings from modeling experimental data

First, I will discuss the findings for spectral photoluminescence changes over time.

Figure 5.6 compares the normalized initial photoluminescence spectra (at t = 0;

cycles) with the corresponding normalized spectra after an exemplary delay time of

t= 100 ns (squares) for front side illumination (panel (a)) and back side illumination

(panel (b)). While the spectrum upon front side illumination has clearly shifted

towards lower photon energies over time, the two spectra upon back side illumination

still resemble each other in shape. Figure 5.7, which displays the photoluminescence

Figure 5.6: Normalized measured photoluminescence spectra at delay times of t = 0

(green cycles) and t = 100 ns (orange squares) upon (a) front side illumination and (b) back

side illumination with a photon density of φphot = 2.9 × 1014 cm−2 each. Solid represent

the respective simulated spectra.
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5.5 Time-resolved photoluminescence spectra

Figure 5.7: Spectral shift of the photoluminescence peak positions over time upon front

side illumination (in blue) and back side illumination (in red) with a photon density of

φphot = 2.9×1014 cm−2 each. Open symbols represent experimental data while solid lines

indicate findings from simulations.

peak positions over time, shows only a spectral change upon front side illumination

(blue diamonds) while no remarkable change is seen upon back side illumination

(red diamonds). Furthermore, while the normalized decay dynamics at exemplary

photon energies clearly differ from each other upon front side (see Fig. 5.8 (a): decay

Figure 5.8: Normalized photoluminescence transients at exemplary photon energies as

indicated upon (a) front side illumination and (b) back side illumination. Triangles rep-

resent the results from measurement and solid lines indicate simulations, respectively.
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5 Time-resolved photoluminescence from single crystals

Figure 5.9: Differently normalized spectral photoluminescence decays of a perovskite

single crystal illuminated by a photon density of φphot = 2.9 × 1014 cm−2 in back side

measurement configuration. The depicted normalizations follow the same procedure as in

Fig. 5.11: All data points in (a) and (b) are normalized to the peak value of the initial spec-

trum (at t = 0) exhibiting the highest intensity: IPL,norm(E,t) = φPL(E,t)/max(φPL(E,0)).

The data in (c) and (d) are spectrally normalized to the respective intensity values of the

initial spectrum: IPL,norm(E,t) = φPL(E,t)/φPL(E,0). The white dotted lines highlight

the exemplary photoluminescence decays, which are presented in Fig. 5.8 (b), at the pho-

ton energies E = 2.05eV and E = 2.20eV. Panel (a) and (c) are the data obtained from

measurement, while panel (b) and (d) show the respective results from simulations.

of high energy photons is faster than for low energy photons), only slight differences

in the decay dynamics at times t. 200 ns are seen upon back side illumination (Fig.

5.8 (b)).

The absence of a significant spectral shift upon back side illumination seems

to be in contradiction to the prediction by the simplified theoretical approach from
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5.5 Time-resolved photoluminescence spectra

Figure 5.10: Simulated charge carrier profiles n(x,t) within a perovskite single crystal

as a function of time upon (a) front side illumination and (b) back side illumination,

respectively. Please note that for better comparison the coordinate system in panel (b) has

been changed that the position x = 0 indicates here the back side and x = d the front side

of the crystal. The white dashed arrows approximately mark the respective progression

of the charge-carrier front, i. e. the highest spatial concentration over time. The applied

values of the surface recombination velocity S differ at front side (Sf = 6700 cm/s) and back

side (Sr = 1100 cm/s) in the simulations in order to fit the measured photoluminescence

transients.

the previous Sec. 5.4. Figure 5.9, which shows the spectral photoluminescence

decays of a CH3NH3PbBr3 crystal illuminated with a photon density of φphot = 2.9×
1014 cm−2 at the back side, helps to better understand the deviations. The upper

row compares the spectral photoluminescence decays from experiment (panel (a))

and simulation (panel (b)). The data is normalized in both cases to the peak value of

the initial spectrum (at t= 0), which exhibits the highest intensity (IPL,norm(E,t) =

φPL(E,t)/max(φPL(E,0))). Deviations are identified at high energy photons, which

are discussed after having a closer look at the differently normalized spectral findings

displayed in the lower row of Fig. 5.9. Panel (c) shows the measured spectral

decays, which are normalized to the initial spectrum according to IPL,norm(E,t) =

φPL(E,t)/φPL(E,0), while panel (d) reveals the respective results from simulation

based on Eq. 5.1 and 5.3. Mainly two energy regions with different spectral behavior

are identified in simulations (see Fig. 5.9 (d)). For photons with energies E . 2.22 eV
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5 Time-resolved photoluminescence from single crystals

Figure 5.11: Differently normalized spectral photoluminescence decays of a perovskite

single crystal illuminated by a photon density of φphot = 2.9 × 1014 cm−2 in front side

measurement configuration. All data points in (a) and (b) are normalized to the peak

value of the initial spectrum (at t = 0) exhibiting the highest intensity: IPL,norm(E,t) =

φPL(E,t)/max(φPL(E,0)). The data in (c) and (d) are spectrally normalized to the re-

spective intensity values of the initial spectrum: IPL,norm(E,t) = φPL(E,t)/φPL(E,0). The

white dotted lines highlight the exemplary photoluminescence decays, which are presented

in Fig. 5.8 (a), at the photon energies E = 2.20eV and E = 2.40eV. Panel (a) and (c) are

the data obtained from measurement, while panel (b) and (d) show the respective results

from simulations.

no spectral shift is observed (horizontal colored bars), while for photon energies

E & 2.24 eV the normalized photoluminescence intensity first even increases by a

factor of about 20 until a delay time of t≈ 250 ns, before it starts to decrease again

but still stays above 1 during the entire simulation. Please note that the color code

in Fig. 5.9 is limited to display a maximum value of 1. Strong spectral changes will

only occur within the small energy interval 2.22 eV.E . 2.24 eV. Consequently, the
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5.5 Time-resolved photoluminescence spectra

simulation follows in principle the proposed spectral trend of the simplified approach

in Sec. 5.4 upon back side illumination, i. e. ∝ exp(α(E)∆x). Consequently, the

spectral shift becomes relevant at high values of the absorption coefficient α(E),

but the photoluminescence signal at high photon energies can hardly be detected

upon back side illumination because of efficient reabsorption. In contrast for low

values of α(E) (i. e. low energy photons), photoluminescence is detectable, but

no spectral shift will appear as α(E)∆x → 0. However, photon recycling within

the single crystal will amplify the formation of any spectral shift (see also Sec.

5.5.2.3). Vast domains in the bulk are slightly populated with charge carriers by

photon recycling. One effect thereof is that especially the high energy edge of

the spectra, where the photoluminescence intensities are initially extremely low,

becomes significantly intensified over time as seen in Fig. 5.9 (d). Please note that

in this spectral region, the photoluminescence intensities will be still too low (less

than 10−5 of the photoluminescence peak value, see Fig. 5.9 (b)) to be detected

in experiment. Another consequence of photon recycling in very thick samples is

that it extremely narrows down the energy interval of the resulting strong spectral

shift (here: 2.22 eV . E . 2.24 eV). However, already the narrow spectral shift

occurs at too low photoluminescence intensities in order to be able to be adequately

measured in experiment. As already discussed in Sec. 5.3, an overlaying high photon

energy shoulder is detected in experiments upon back side illumination (see also Fig.

5.9 (a)), which is assumed to originate from scattered light. Thus, this presumable

artifact masks the spectral shift observed in simulations and as a result no significant

spectral changes are observed in experiment upon back side illumination (see Fig.

5.9 (c)).

The respective spectral findings upon front side illumination are presented in

Fig. 5.11. As expected in Sec. 5.4, a pronounced spectral shift upon front side illumi-

nation is found by experiment (see panel (c)), which can accurately be modeled (see

panel (d)). The higher value of the surface recombination velocity at the front side

with Sf = 6700 cm/s causes a more efficient capture with subsequent non-radiative

recombination of charge carriers at the front surface than at the back surface of

the sample upon back side illumination (Sb = 1100 cm/s) and, consequently, upon

front side illumination, a more pronounced charge-carrier front establishes as seen in

Fig. 5.10 (a) and, thus, a distinct spectral shift is observed. Different values for the
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5 Time-resolved photoluminescence from single crystals

surface recombination velocities Sf and Sb arise as a result of modeling all measured

photoluminescence transients upon front as well as back side illumination with the

same set of bulk recombination parameters.

In the following sections, possible influences on the formation and severity

of the spectral shift like the surface recombination velocity S, the charge-carrier

mobility µ and the occurrence of photon recycling are discussed.

5.5.2 Impacts on spectral time-resolved photoluminescene and

transients

Beside the diverse bulk recombination mechanisms, this section covers how surface

recombination, charge-carrier mobility and photon recycling affect the characteristic

of the spectral photoluminescence shift but also influence the shape of photolumi-

nescence transients.

5.5.2.1 Surface recombination

Figure 5.12 depicts the simulated charge-carrier concentrations as a function of space

and time for the highest applied photon density of φphot = 2.9 × 1014 photons/cm2

exemplarily for different surface recombination velocities of (a) S = 0 cm/s, (b)

Figure 5.12: Comparison of simulated charge carrier profiles n(x,t) within a per-

ovskite single crystal for different surface recombination velocities: (a) S = 0 cm/s, (b)

S = 6700 cm/s and (c) S = 15000 cm/s. All simulations were carried out for a charge-

carrier mobility of µ = 15 cm2/(Vs).
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5.5 Time-resolved photoluminescence spectra

Figure 5.13: Comparison of simulated transient photoluminescence decays for different

surface recombination velocities S = 0 cm/s (blue line), S = 6700 cm/s (green line) and

S = 15000 cm/s (orange line).

S = 6700 cm/s and (c) S = 15000 cm/s. The value of the charge-carrier mobility is

fixed to µ= 15 cm2/(Vs) and the same bulk recombination parameters (displayed in

Tab. 5.1) are used in all simulations. When surface defects exhibit lower capture and

non-radiative annihilation rates of charge carriers than in the bulk (see panel (a) for

S = 0 cm/s), a homogeneous carrier profile starts to form at the surface-near region.

Obviously, charge-carrier diffusion and high-order bulk recombination mechanisms

(Auger and radiative recombination) reshapes the initial exponential carrier profile

photo-generated by Lambert-Beer absorption efficiently at already very short times.

The span of the homogeneous distribution starts to extend towards the bulk over

time driven by diffusion. With a more severe amount of surface-near defects and

higher values of the recombination velocity, the continuous non-radiative surface

recombination pulls the concentration n(t) near the surface faster down than in the

bulk (see panels (b) and (c)). As a consequence, a charge-carrier front (globally

highest charge-carrier concentration at a given time) establishes and continuously

moves away from the surface and into the bulk over time mainly due to diffusion.

Photon recycling shows no significant impact on the progression of the charge-carrier

front as later revealed in Sec. 5.5.2.3.

With a high value of the surface recombination velocity, charge carriers are also
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5 Time-resolved photoluminescence from single crystals

Figure 5.14: Comparison of simulated, normalized spectral photoluminescence decays

IPL,norm(E,t) = φPL(E,t)/φPL(E,0) upon front side illumination for different surface re-

combination velocities: (a) Sf = 0 cm/s, (b) Sf = 6700 cm/s and (c) Sf = 15000 cm/s. All

simulations were carried out for a charge-carrier mobility of µ = 15 cm2/(Vs).

more efficiently extracted from the bulk and captured at the surface. Consequently,

the charge-carrier concentration at the surface but also in the bulk decreases more

rapidly. According to Eq. 5.2 and 5.3, the strength of the transient photolumi-

nescence signals depends quadratically on the spatial and temporal charge-carrier

concentration values n(x,t). Surface recombination affects therefore the dynamic

Figure 5.15: Comparison of simulated, normalized spectral photoluminescence decays

IPL,norm(E,t) = φPL(E,t)/φPL(E,0) upon back side illumination for different surface re-

combination velocities: (a) Sb = 0 cm/s, (b) Sb = 6700 cm/s and (c) Sb = 15000 cm/s. All

simulations were carried out for a charge-carrier mobility of µ = 15 cm2/(Vs). Please note

that the scale of the color bar is here slightly different compared to other similar figures

in order to illustrate normalized intensities exceeding 1 in this particular figure.
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Figure 5.16: Comparison of simulated charge carrier profiles n(x,t) within a per-

ovskite single crystal for different charge-carrier mobilities: (a) µ = 1.5 cm2/(Vs), (b)

µ = 15 cm2/(Vs) and (c) µ = 150 cm2/(Vs). All simulations were carried out for a surface

recombination velocity of S = 6700 cm/s.

range of the time-resolved photoluminescence decays as seen in Fig. 5.13 exem-

plarily upon front side illumination. The simulated spectral decays upon front side

illumination for different surface recombination velocities are presented in Fig. 5.14.

With increasing S-values, the photoluminescence intensity at all photon energies

decays faster and independent of the photon energy. Upon back side illumination,

the surface recombination velocity does also not significantly affect spectral shifts as

displayed in Fig. 5.15. For higher values of the surface recombination velocity, the

decay at low photon energies E < 2.24 eV becomes faster while the effective intensity

increase at high photon energies E > 2.24 eV becomes less pronounced. Please note

that the scale of the color bar is adapted here in order to display also changes for

normalized intensities above 1. Overall, surface recombination does not impact the

formation and characteristic of spectral photoluminescence shifts. The following sec-

tion will show that charge-carrier transport and the progression of the charge-carrier

front are the main drivers for observing spectral shifts in the luminescence.

5.5.2.2 Charge-carrier mobility

In this section, the impact of charge-carrier mobility on photoluminescence tran-

sients and spectral shifts is revealed. Figure 5.16 shows the simulated charge-

carrier profiles n(x,t) for different charge-carrier mobilities (a) µ = 1.5 cm2/(Vs),

(b) µ = 15 cm2/(Vs) and (c) µ = 150 cm2/(Vs), while the same surface recombina-
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Figure 5.17: Comparison of simulated, normalized spectral photoluminescence decays

IPL,norm(E,t) = φPL(E,t)/φPL(E,0) upon front side illumination for different charge-

carrier mobilities: (a) µ = 1.5 cm2/(Vs), (b) µ = 15 cm2/(Vs) and (c) µ = 150 cm2/(Vs).

Spectral differences in the decay dynamics become more pronounced with increasing value

of the charge-carrier mobility. All simulations were carried out for a surface recombination

velocity of Sf = 6700 cm/s.

tion velocity of S = 6700 cm/s and the same set of bulk recombination parameters

(see Tab. 5.1) are applied in the simulations. The progression of the charge-carrier

front is obviously linked to the magnitude of the charge-carrier mobility µ. Fur-

thermore, the less mobile charge carriers are, the more efficiently they are captured

by surface defects already at short times. Thus, the charge-carrier concentration

near the surface is heavily drawn down for low mobilities (see panel (a)). Under

these circumstances, the internal emission is highly localized at the temporal posi-

tion of the charge-carrier front. On the contrary for high charge-carrier mobilities,

the influence of surface defects on the profile shape becomes less severe and a rather

homogeneous charge-carrier profile will quickly establish and act as a broad source

of internal radiation (see panel (c)).

Based on the simulated charge-carrier profiles n(x,t) seen in Fig. 5.16, the

spectral shifts in the photoluminescence decays depicted in Fig. 5.17 for front side

illumination can be better understood. The strength of the decay for high energy

photons is determined by the time-dependent charge-carrier concentrations located

near the surface because of strong reabsorption due to high values of the absorption

coefficient. Low energy photons on the other hand can be collected from signifi-

cantly larger depths inside the crystal as they are less likely reabsorbed. Thus, the
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Figure 5.18: Comparison of simulated transient photoluminescence decays for different

charge-carrier mobilities µ = 1.5 cm2/(Vs) (blue line), µ = 15 cm2/(Vs) (green line) and

µ = 150 cm2/(Vs) (orange line).

decay for low energy photons depends on the magnitude of charge-carrier concentra-

tions throughout the crystal. With increasing value of the charge-carrier mobility,

the spectral shift in decay dynamics becomes more pronounced as charge carriers

are able to migrate deeper into the crystal and reabsorption effects become more

significant. Especially the low energy part (E . 2.25 eV) of the spectral lumines-

cence decay is affected by varying the mobility values. Panel (a) with the lowest

mobility is highly influenced by surface recombination. At very short times, the

rather immobile carriers are already efficiently captured at the surface, where they

annihilate. Thus, a strong initial decay for both the high and low energy photons is

found. Eventually, some carriers still manage to escape the drain area near the sur-

face and the decay becomes moderate at later times. A pronounced charge-carrier

front establishes which only slowly moves towards the bulk (see Fig. 5.16 (a)) and

charge carriers predominantly recombine by bulk recombination events. The slow

progression of the carrier front into the bulk implies that internally emitted photons

have to pass only a slightly larger distance before they are coupled out of the crys-

tal. Consequently, the normalized spectral decay for high energy photons is actually

moderate for a low value of the charge-carrier mobility compared to higher values.

Spectral differences in the photoluminescence decay upon front side illumination are

a result of increasing reabsorption distances over time. Hence, low charge-carrier
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mobilities cause less pronounced spectral luminescence shifts than higher mobilities.

Considering the moderate value of the mobility (µ= 15 cm2/(Vs) in panel (b), car-

riers are rather homogeneously distributed over a wider distance but the dip in the

carrier profiles due to heavy carrier loss at the surface is not fully compensated yet.

The distinct delocalization of carriers causes here a slower decay of the low energy

photoluminescence part and at the same time a faster decay of the high energy part.

For the highest investigated charge-carrier mobility µ= 150 cm2/(Vs) (see panel (c)

in Fig. 5.16 and 5.17), the charge carrier profile at short times is already rather flat

compared to the initial exponential profile due to quick redistribution. Furthermore,

carriers are widely spread. As a consequence, the normalized decay at low photon

energies is most attenuated for the highest mobility. The severe carrier depletion at

the surface due to surface recombination is now inhibited by a fast compensation

of highly mobile carriers from the bulk. Remarkably, the relatively persistent, ho-

mogeneous charge-carrier distribution near the surface leads to the situation that

the high energy part of the normalized luminescence decays actually a bit slower

than for the moderate mobility value. Overall, the normalized spectral decay dy-

namics still show the most deviation for the highest mobility due to the widely and

homogeneously distributed charge carriers.

With the above findings, differences in the time-resolved photoluminescence

decays simulated for different charge-carrier mobilities can be better understood.

Figure 5.18 shows the respective normalized photoluminescence transients simulated

for front side illumination and the highest applied photon density of φexc = 2.9 ×
1014 photons/cm2 for charge-carrier mobilities of µ = 1.5 cm2/(Vs) (blue line), µ =

15 cm2/(Vs) (green line) and µ= 150 cm2/(Vs) (orange line). Apparently, the charge-

carrier mobility can significantly modify the long- and short-term decay. A strong

initial decay is found for the lowest mobility due to surface recombination and also

high order recombination events. Due to the low mobility, charge carriers will not

quickly redistribute and local high concentrations are consequently extremely prone

to high-order recombination mechanisms like Auger and radiative recombination.

Eventually, these previous high concentrations will be significantly reduced in a short

time. Additionally, a protected region establishes where charge carriers are beyond

the reach of surface defects. These protected carriers are only reduced by bulk

recombination processes. Thus, the observed stable long-term photoluminescence
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decay (blue line) is only shaped by bulk Shockley-Read-Hall recombination. The

photoluminescence transient for the moderate mobility of µ = 15 cm2/(Vs) shows

a similar decay at short times as for the lowest mobility; i. e. a high impact

by high order mechanisms as well as surface recombination. However, an ongoing

surface recombination current evolves as a result of the higher charge-carrier mobility

which leads to a faster photoluminescence decay at long times because trap-assisted

recombination at the surface is more severe than in the bulk.

In summary, charge-carrier mobility has an crucial impact on the short- and

long-term characteristics of photoluminescence decays from perovskite single crys-

tals. The normalized decay for the medium value of the mobility (green line)

shows the fastest decay. Considering now the findings for the highest mobility of

µ= 150 cm2/(Vs), the corresponding normalized photoluminescence transient shows

the weakest short-term decay. The fast flattening of the initial high charge-carrier

concentrations near the surface and the redistribution over a wide distance reduces

the otherwise high impact of high order recombination mechanisms at short times.

The long-term decay is again dominated by an ongoing non-radiative recombination

at the surface.

5.5.2.3 Photon recycling

Lastly, the effect of reabsorption in single perovskite crystals is investigated in more

detail. Figure 5.19 (a) and (b) show the comparison of the simulated charge-carrier

profiles n(x,t) when considering photon recycling and neglecting it, respectively. Ap-

parently, photon recycling does not significantly affect the progression of the charge-

carrier front (marked as white dashed arrows) within the single crystal. Therefore,

diffusion is identified as the main driver of charge-carrier transport in the investi-

gated CH3NH3PbBr3 single perovskite crystal.

To investigate photon recycling regarding its effect of carrier transportation, a

self absorption length LPR is introduced as the mean distance between the position of

a radiative recombination event and the position of its reabsorption event. Therefore,

LPR acts basically as a measure for the distance a charge-carrier has ”traveled” after

an average photon was reabsorbed. For practical reasons, the inverted absorption

coefficient α−1(E), which marks the distance at which the spectral luminescence
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Figure 5.19: Simulated charge-carrier profiles n(x,t) within a perovskite single crystal

as a function of time. While panel (a) includes photon recycling, panel (b) neglects

reabsorption but apart from that applies the same recombination conditions as in panel

(a). The white dashed arrows approximately mark the respective progression of the charge-

carrier front, i. e. the highest spatial concentration over time.

intensity drops to e−1 of its initial value, is used to compute the self absorption

length LPR. Furthermore, I consider emission into the solid angle 2π of a half

space and weight α−1(E) with the photon distribution α(E)φbb(E). Projecting the

three-dimensional emission on the x-axis results in

LPR =

∫ 2π

0
dϕ

∫ π/2

0
sin(θ)cos(θ)dθ

∫

∞

0
α(E)φbb(E)dE

2π

∫

∞

0
α2(E)φbb(E)dE

=

∫

∞

0
α(E)φbb(E)dE

2

∫

∞

0
α2(E)φbb(E)dE

≈ 1.1µm.

(5.8)

With the absorption coefficient shown in Fig. 5.3 (b), the self absorption length

is found to be LPR ≈ 1.1µm. Compared to the crystal dimensions, photons are

basically reabsorbed in the vicinity of their recombination location. An arbitrary

diffusive charge carrier can cover the distance of 1.1µm on average in about 30 ns

for a mobility of µ = 15 cm2/(Vs). If I take this time period as the radiative life-
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Figure 5.20: Comparison of the normalized photoluminescence transients simulated with

the effect of photon recycling (green line) and without photon recycling (red line), while

all other recombination and transport properties are kept the same for both simulations.

The green open triangles represent the transient data from measurement under back side

illumination. Panel (a) shows the same data as in panel (b) but on different scales.

time, it corresponds to a charge-carrier concentration of n≈ 6×1017 cm−3 based on

the revealed internal radiative recombination coefficient kint
rad = 5.5 × 10−11 cm3 s−1.

Thus, for concentrations above this limit, the radiative lifetime will be shorter than

30 ns and photon recycling will be the faster transport phenomena while for lower

concentrations, diffusion will provide a more efficient way of carrier transportation.

In Fig. 5.19 (a), the concentration has dropped down to n≈ 6×1017 cm−3 already

after 3 ns due to strong surface recombination and high order recombination mech-

anisms like Auger and radiative recombination itself. Except for very short times,

charge-carrier diffusion surpasses photon recycling as the dominant transport mech-

anism in single crystals in the course of the transient measurement. Consequently,

photon recycling does not affect the progression of the charge-carrier front signifi-

cantly in materials providing a sharp absorption onset and adequately mobile charge

carriers. The dominant effect of photon recycling in single crystals is to ”preserve”

the local charge-carrier concentration by reabsorbing photons in the vicinity of the

location where the radiative recombination event took place. Seemingly when taking

photon recycling into account, a lower recombination rate is perceived. Thus, the

photoluminescence signal will decay slower as seen by the comparison of the respec-
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Figure 5.21: Comparison of simulated, normalized spectral photoluminescence decays

IPL,norm(E,t) = φPL(E,t)/φPL(E,0) upon front side illumination for a charge-carrier mo-

bility of µ = 15 cm2/(Vs) and a surface recombination velocity of S = 6700 cm/s. Panel

(a) shows the findings from simulations when taking photon recycling (PR) into account.

Photon recycling is neglected in the simulation of panel (b).

Figure 5.22: Comparison of simulated, normalized spectral photoluminescence decays

IPL,norm(E,t) = φPL(E,t)/φPL(E,0) upon back side illumination for a charge-carrier mo-

bility of µ = 15 cm2/(Vs) and a surface recombination velocity of Sb = 6700 cm/s. Panel

(a) shows the findings from simulations when taking photon recycling (PR) into account.

Photon recycling is neglected in the simulation of panel (b).
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tive simulations in Fig. 5.20 including photon recycling (green line) and neglecting

photon recycling (red line).

When comparing the spectral photoluminescence decays with and without the

impact of photon recycling, only a slightly stronger spectral shift upon front side

illumination is found when photon recycling is taken into account as Fig. 5.21

shows. The simulation with photon recycling (panel (a)) indicates that the decays

are consistently slower over the spectral range than without photon recycling (panel

(b)), which is in agreement to the previous discussed preservation effect by pho-

ton recycling. Upon back side illumination, the spectral photoluminescence shifts

clearly differ when photon recycling is switched on or off in the simulations (see

also explanations in Sec. 5.5.1). When taking photon recycling into account (see

Fig. 5.22), vast domains at the opposite side of the crystal (at positions x& 10 µm)

become slightly populated already at short times by charge carriers based on self-

absorption of these low energy photons. This carrier population in the bulk is even

quite stable over time because its concentration is quite low and, consequently, also

the recombination rates are low, too. The charge carrier concentration in the bulk

is also too low to significantly alter the overall measured luminescence signal. How-

ever, in the transmission configuration (back side illumination), these carriers cause

a significant difference in the simulated spectral shifts. In simulations including

the effects of photon recycling, the increased bulk carrier concentrations cause a

increased normalized photoluminescence signal at high photon energies over time.

Furthermore, photon recycling shifts the onset of the spectral shift towards lower

photon energies. It is mentioned here once more, that the spectral luminescence

shift upon back side illumination is expected at very high photon energies where the

initial photoluminescence intensities are already extremely low due to efficient reab-

sorption and cannot be detected anymore. Additionally, photon recycling causes a

stronger spectral shift over a smaller energetic transition range. Without the impact

of photon recycling, carriers can populate the bulk only by diffusion over time. As

this process is significantly slower than with the support by photon recyling, the

spectral shift starts to establish at later times. Moreover, the shift without photon

recycling is rather moderate over a larger photon energy range and also occurs at

higher photon energies.
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5 Time-resolved photoluminescence from single crystals

In conclusion, spectral changes observed during the photoluminescence mea-

surements are a result of charge-carrier diffusion, because the reabsorption char-

acteristics change over time as the emission zone gradually expands into the bulk

over time. Photon recycling modifies slightly the shape of the charge-carrier pro-

file but shows minor impact on the migration of the charge-carrier front, which is

identified as the main contributor to the overall photoluminescence intensity when

strong surface recombination is present. The dominant feature of photon recycling

in thick single crystals is an enhancement of the apparent charge-carrier lifetime

that slows down photoluminescence decay dynamics. Due to the sharp absorption

onset, photon recycling is not considered to be an efficient charge-carrier transport

mechanism in thick perovskite crystals. However, for a reduced crystal thickness and

low values of the charge-carrier mobility, carrier transportation by photon recycling

will become more important.
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time-resolved photoluminescence

As discussed in Sec. 4.3, reabsorption of originally emitted photons in the course

of radiative recombination is denoted as photon recycling and implies a prolonged

radiative recombination rate. In this chapter, I demonstrate that photon recycling

probabilities and, consequently, radiative decay rates in perovskite thin films can be

controlled by the optical design of samples alone. Furthermore, I identify a severe

limitation of the radiative efficiency, which in turn will reduce the maximum attain-

able efficiency of perovskite solar cells.

6.1 Introduction

In Sec. 4.3, I have shown that photon recycling modifies the obtained radiative

recombination rate in organic inorganic perovskite thin films. As I can manipulate

the amount of photon recycling in the films by control over the optical design of a

chosen layer structure, differences in recombination kinetics should be observed. To

quantify the impact by photon recycling, I model photoluminescence decays and per-

form optical simulations. These findings allow me to draw more detailed conclusions

about fundamental radiative recombination processes. By comparing differently de-

signed samples, I reveal a severe non-radiative bimolecular recombination channel.

Its existence becomes essential when evaluating the photovoltaic potential of organic

inorganic perovskites.

First, I will introduce the applied sample designs and discuss the observed

morphology of the perovskite top layers. After analyzing the transient photolumi-

nescence decay curves, I present optical simulations, which help me to determine
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6 Photon recycling investigated by time-resolved photoluminescence

the different photon probabilities and, finally, the radiative fraction of bimolecular

recombination.

6.2 Experimental design

In order to investigate reabsorption phenomena of varying degree by time-resolved

photoluminescence, I applied the following layer stacks: silicon dioxide layers of

distinct thicknesses (2.3 nm and 200 nm, respectively) were thermally grown on

crystalline silicon wafers and perovskite layers were formed on top following the pro-

cedure described in Sec. 3.4.1. The experimental design of the stacks is shown in Fig.

6.1. The low refractive 200 nm-thick SiO2 layer causes total internal reflection of the

photoluminescence in the high refractive perovskite film (corresponding refractive

indices in the energy range ∼ (1.4−1.9)eV of photoluminescence: nr,SiO2
≈ 1.5 [97],

nr,pero ≈ 2.6, see Fig. 4.6). Based on Snells’ law, a critical angle θc of total internal

reflection at the interface of a high refractive medium nr,1 towards a lower refractive

medium nr,2 is given by

θc = arcsin
nr,2

nr,1
. (6.1)

Only photons which are emitted under angles θ < θc ≈ 35◦ can leave the ab-

sorber layer through the escape cone (red circular segment in Fig. 6.1 (a)) via the

SiO2 film and are parasitically absorbed when eventually entering the adjacent c-Si

wafer. The corresponding solid angle Ωc is derived as

Ωc =

∫ 2π

0

∫ θc

0
sinθdθdϕ= 2π (1− cosθc) . (6.2)

On the contrary, photons emitted under angles θ > θc ≈ 35◦ will never leave the

absorber layer because total internal reflection at each interface keeps the photons

trapped inside the perovskite film, where they are eventually reabsorbed. Such

waveguide modes have been observed in similar stack designs [193].

The optical conditions inside the stack change significantly when reducing the

SiO2 thickness from 200 nm to 2.3 nm. Specular light reflection at the perovskite/SiO2

interface is strongly suppressed in the case of the 2.3 nm-thin SiO2 layer due to
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6 Photon recycling investigated by time-resolved photoluminescence

I will confirm in the following Sec. 6.3 and 6.4. Thus in the case of the 2.3 nm-thin

SiO2 layer, parasitic absorption applies to roughly most photons emitted into the

hemisphere pointing towards the silicon wafer (see Fig. 6.1 (b)). Therefore, I expect

significant differences in the probabilities pa of parasitic absorption between the two

sample designs.

Both layer structures finish with a perovskite film and have the interface with a

surrounding medium in common. During transient photoluminescence spectroscopy,

the samples are measured in nitrogen atmosphere. For optical simulations, I assume

a non-absorbing medium with nr,air = 1, which I denote here as air. Only if light is

radiated into the escape cone (blue circular segment in Fig. 6.1) facing towards the

perovskite/air interface, light can be outcoupled. The opening angle of the escape

cone can be approximated by the critical angle of total internal reflection of θc ≈ 23◦

in both samples.

For future calculations, I assume that radiative recombination inside the ab-

sorber material is isotropic, i. e. emission into a solid angle of Ω = 4π. Based on the

solid angles Ωc (see Eq. 6.2) of the respective escape cones, I can roughly estimate

the probabilities of parasitic absorption and outcoupling by pa,e = Ωc/(4π). It has

to be noted, that this geometrical estimate relies on some additional assumptions:

first, (multiple) reflections between interfaces are not considered here. Moreover,

especially high energy photons might be reabsorbed before they reach an interface,

even though they are on their way leaving the perovskite layer through an escape

cone. Furthermore, roughness at the interfaces and scattering are both not taken

into account.

Knowing that all photon probabilities have to add up to one, I find the prob-

ability pr of photon recycling to be

pr = 1−pe −pa. (6.3)

Based on the derived substantially different values pa of parasitic absorption, I

find quite distinct reabsorption probabilities for the two SiO2 thicknesses: pr,2 ≈ 46%

in the case of the 2.3 nm-thin SiO2 layer and almost doubled for the stack with

the 200 nm-thick SiO2 layer, where pr,200 ≈ 86%. This simple but rough estimate

shall only highlight that the amount of photon recycling can indeed be significantly
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Figure 6.4: Normalized photon flux distribution scattered into the polar angles θ derived

from analyzing atomic force microscopy topography images.

both stacks. Based on these findings, I conclude that the observed sightly different

morphologies do not matter significantly for the following comparison.

6.4 Time-resolved photoluminescence

Figure 6.5 compares the spectral photoluminescence decays of the two samples for an

initial excitation fluence of 15µJ/cm2. The panels (a) and (b) display the spectral

components of the photoluminescence transients normalized to the corresponding

maximum absolute intensities. A shift of the photoluminescence peak positions be-

tween the samples is visible. Furthermore, the spectral photoluminescence decreases

in panel (b) faster than in panel (a) in accordance to Fig. 6.7. Both observations will

be extensively discussed later on. In the panels (c) and (d), the data is spectrally

normalized to the corresponding values of the spectrum at the delay time t = 0,

which exhibits the highest overall intensity. In this depiction, the observed straight

horizontal lines indicate that no spectral changes occur during the measurements.

As a result, the photoluminescence decay for both stacks can be investigated being

spectrally independent when integrating the spectra over photon energy.

Figure 6.6 shows the measured total time-resolved photoluminescence decays
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6 Photon recycling investigated by time-resolved photoluminescence

Figure 6.5: Comparision of spectral photoluminescence decays of perovskite thin films

on top of (a, c) a 200 nm-thick silicon dioxide layer and (b, d) a 2.3 nm-thin silicon

dioxide layer for an excitation fluence of 15µJ/cm2. While every value in (a) and (b) is

normalized to the one value exhibiting the maximum absolute photoluminescence intensity,

the data in (c) and (d) are spectrally normalized to the corresponding values of the one

photoluminescence spectrum showing the highest overall intensity (at delay time t = 0).

of the samples when applying the same initial excitation fluences for the individual

stacks (squares: 15µJ/cm2, triangles: 1.2µJ/cm2, circles: 0.12µJ/cm2). It is al-

ready apparent from Fig. 6.6 that the photoluminescence signals from the stack with

the thicker SiO2 layer are not only initially higher in all cases but also the higher or-

der decay is less pronounced as for the counterpart with the thin SiO2 layer. Figure

6.7 shows the same experimental data but normalized. The decay dynamics at low

excitation fluences (0.12µJ/cm2) are equal for the two samples. As trap-assisted

Shockley-Read-Hall mechanisms govern recombination upon low level injection con-

ditions (see Sec. 4.1), the two stacks are best comparable concerning the influence
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6.4 Time-resolved photoluminescence

Figure 6.6: Measured time-resolved photoluminescence decays of perovskite films on top

of two layer stacks with different silicon dioxide thicknesses: perovskite/200 nm SiO2/Si

(green symbols) and perovskite/2.3 nm SiO2/Si (red symbols). For each stack, several ex-

citation fluences are applied: 15µJ/cm2 (squares), 1.2µJ/cm2 (triangles) and 0.12µJ/cm2

(circles). The solid lines represent fitted photoluminescence transients. While the data

is shown in panel (a) on a semilogarithmic scale, panel (b) displays the same data on a

double-logarithmic scale for better visibility. Adapted with permission from [190]. Copy-

right 2017 American Chemical Society.

Figure 6.7: Normalized photoluminescence transients of perovskite films coated on top

of silicon dioxide layers of different thicknesses (see Fig. 6.6 for non-normalized data).

Reprinted with permission from [190]. Copyright 2017 American Chemical Society.
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6 Photon recycling investigated by time-resolved photoluminescence

Figure 6.8: Zoom in of the time-resolved photoluminescence decays shown in Fig. 6.6

(a) in order to demonstrate the conformity of the rise dynamics between the experimental

data (open symbols) and the corresponding simulated photoluminescence signals (solid

lines).

of defects within the perovskite films. When applying increasingly higher excitation

fluences, the photoluminescence transients of the two stacks clearly diverge in Fig.

6.7. This finding can be explained by differences in high order recombination kinet-

ics as one would expect from the experimental design. In order to quantify these

observations, the experimental decay curves are globally fitted by the recombination

model described in Sec. 4.1 with some slight modifications. As the studied organic

inorganic perovskite is rather low doped as revealed in Sec. 3.7.1, I neglect here

the impact of doping, which leads to a simplified Shockley-Read-Hall model with

one specific lifetime τSRH. Moreover, the careful determination of the higher-order

recombination parameters is of uttermost importance in the course of investigating

photon recycling. In order to gain a more comprehensive recombination picture, I

take here the relative changes between transients for the different excitation fluences

as well as the photoluminescence rise dynamics into account. Within the temporal

length of the excitation pulses, photogenerated charge carriers might already begin

to recombine. Instead of defining the excitation source as an infinitesimal short

pulse by a Dirac delta function, I rather assume Gaussian-shaped pulses with a full

width half maximum of 2.5ns. Additionally, I consider the integration time of 2ns

for each spectrum in the simulations. A good conformity of the globally simulated
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6.4 Time-resolved photoluminescence

Table 6.1: Recombination parameters (Auger recombination coefficient C, external bi-

molecular recombination coefficient kext and Shockley-Read-Hall lifetime τSRH) derived

from global fits of the respective time-resolved decays obtained from two samples of

the same layer sequence perovskite/SiO2/Si but with different silicon dioxide thicknesses,

namely 200nm and 2.3nm.

SiO2 thickness C
(

cm6s−1
)

kext
(

cm3s−1
)

τSRH (ns)

200 nm (8.0±2.1)×10−29 (4.6±0.2)×10−11 870±140

2.3 nm (9.7±1.4)×10−29 (6.3±0.3)×10−11 990±150

photoluminescence transients with the experimental data is found during the decay

(see Fig. 6.6) as well as during the initial rise (see Fig. 6.8). The recombination

parameters obtained from the fits are reported in Tab. 6.1. While the Shockley-

Read-Hall lifetimes τSRH ≈ 930ns as well as the Auger recombination coefficients

C ≈ 8.9 × 10−29 cm6s−1 turn out to be similar for both stacks within their error

margins, the external bimolecular recombination coefficients k vary significantly

by a factor of kext
ratio = kext

2 /kext
200 ≈ 1.4. By modeling time-resolved photolumines-

cence decays, the externally measured bimolecular recombination coefficient kext is

revealed, which is drastically reduced with respect to the internal radiative bimolec-

ular recombination coefficient kint
rad due to photon recycling events (see Eq. 4.12

and Sec. 4.1). In addition, Richter et al. [189] combined transient absorption mea-

surements with findings from photoluminescence quantum efficiency measurements

and concluded the presence of a non-radiative bimolecular component knrad thereof.

With the chosen experimental design and the findings from solely steady-state and

time-resolved photoluminescence measurements, I am able to verify the existence of

a non-radiative bimolecular recombination channel in organic inorganic perovskite

thin films. In doing so, the externally measured bimolecular recombination coef-

ficient kext is composed of a non-radiative contribution knrad beside the external

radiative part kext
rad. Therefore, I can express the ratio of the obtained kext values as

kext
ratio =

kext
2

kext
200

=
kext

rad,2 +knrad

kext
rad,200 +knrad

=
(1−pr,2)kint

rad +knrad

(1−pr,200)kint
rad +knrad

. (6.4)

Here, I make use of Eq. 4.12, which relates the internal radiative coefficient kint
rad
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6 Photon recycling investigated by time-resolved photoluminescence

to its external expression kext
rad. Due to differently pronounced probabilities of photon

recycling pr in the particular stack designs, kext
rad is supposed to change accordingly

in each case, while kint
rad is assumed to be an intrinsic property and as such identical

in both stacks. It is unclear whether knrad can be treated as a material-specific,

intrinsic parameter, as it could be related to trap-assisted recombination in the

sample. However if the latter scenario applies, similar obtained Shockley-Read-Hall

lifetimes indicate that also knrad should be equal in both samples. In the next step,

I define the radiative fraction κ of the internal bimolecular recombination coefficient

kint = kint
rad +knrad as

κ=
kint

rad

kint
rad +knrad

. (6.5)

Applying Eq. 6.5 to Eq. 6.4 leads to

kext
ratio =

(1−pr,2)κ+1−κ

(1−pr,200)κ+1−κ
=

1−pr,2κ

1−pr,200κ
. (6.6)

Solving Eq. 6.6 now for κ results in

κ=
kext

ratio −1

pr,200kext
ratio −pr,2

. (6.7)

Apart from the already determined kext
ratio ≈ 1.4, pr values for the particular

samples have to be derived in order to calculate κ. Based on Eq. 6.7, Fig. 6.9

illustrates which radiative fraction κ can be expected for a matrix of possible photon

recycling probabilities pr,2 and pr,200. A pure radiative kint with knrad = 0 is realized

if the photon recycling probabilities would be linked by the relation pr,200 = 1 −
(1 − pr,2)/kext

ratio. The simple geometrical approach introduced in Sec. 6.2 leads to

pr,2 ≈ 0.46 and pr,200 ≈ 0.86. As a consequence, a radiative fraction of κ ≈ 0.54

(see pink sphere in Fig. 6.9) is found as a simple reference. However, in order to

obtain precise photon recycling probabilities, I perform optical simulations, which

are discussed in the following section.
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6.5 Optical simulations

Figure 6.9: Simulated radiative fraction κ of the bimolecular recombination coefficient

kint according to Eq. 6.7 (with kratio = 1.4) for a matrix of photon recycling probabilites

pr of the two layer stacks with different silicon dioxide thicknesses of 200nm and 2.3nm,

respectively. The pink sphere represents an estimate based on geometrical considerations

(κ = 0.54). The brown sphere marks the result from a transfer matrix method (TMM)

when all layers are perfectly flat (pdiff = 0, κ = 0.51). When assuming ideal lambertian

(LB) light trapping at an rough air/perovskite interface (pdiff = 1), an increased κ of

0.77 is found (purple sphere). The black double arrow indicates the range of transition

situations, when the nature of internal reflection changes from specular to diffuse or vice

versa. Adapted with permission from [190]. Copyright 2017 American Chemical Society.

6.5 Optical simulations

The direct determination of the probabilities for photon recycling is rather com-

plex. Therefore, it is simpler to approach pr by first calculating the probabilities

for outcoupling pe and parasitic absorption pa and finally derive pr according to

pr = 1 − pe − pa (Eq. 6.3). As previously shown in Sec. 4.3 by Eq. 4.14, the out-

coupling probability is calculated as the ratio of the outgoing photon flux to the

internal radiative recombination inside the absorber layer [28]
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pe =

dεout

∫

∞

0
Afsi(E)φbb(E)dE

dS

∫

∞

0
4n2

r,peroπdα(E)φbb(E)dE

, (6.8)

where the absorptance Afsi(E) of the perovskite layer is defined for illumination

from the air side, here denoted as front side illumination.

Photon emission into the hemisphere of air requires an outgoing étendue of

dεout = πdS and Eq. 6.8 becomes

pe =

∫

∞

0
Afsi(E)φbb(E)dE

∫

∞

0
4n2

r,pero dα(E)φbb(E)dE

. (6.9)

On the other hand, the probability of parasitic absorption pa is rather difficult

to calculate in a general case. Due to the specific experimental design, parasitic

absorption is dominated here by light coupling into the Si substrate. Therefore, I

can calculate pa in analogy to Eq. 6.8 by considering the emission into the Si wafer

and I obtain

pa =

∫

∞

0
n2

r,SiAbsi(E)φbb(E)dE
∫

∞

0
4n2

r,pero dα(E)φbb(E)dE

. (6.10)

In this specific case, the absorptance Absi has to be simulated for radiation

coupled into the perovskite film from the silicon halfspace, i. e. upon back side

illumination. As the three distinct photon probabilities have to add up to one, I

ultimately derive the probability pr of photon recycling from the probabilities pe and

pa, which are obtained from simulations.

It should be noted that I assume the internal emission of radiation inside the

absorber layer to be isotropic. As the absorptivity is linked to the emissivity by de-

tailed balance arguments, I have to simulate angle-dependent absorptances A(E,θ)

for a variety of incident polar angles 0 ≤ θ ≤ π/2 and after weighting according to
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6.5 Optical simulations

A(E) =

∫ π/2

0
A(E,θ)sinθ cosθdθ

∫ π/2

0
sinθ cosθdθ

, (6.11)

I can apply the derived absorptances to Eq. 6.8, 6.9 and 6.10. In order to derive the

absorptances, I combine findings from a coherent transfer matrix method (TMM),

which is valid for simulating flat layer stacks, with findings from an incoherent light

trapping (LT) approach based on analytical expressions derived by Green [199]. By

the use of the latter optical model, I take ideal Lambertian light scattering at the

rough perovskite/air interface into account. All other interfaces are considered to

be flat. More details about the simulations and models can be found in Appendix

B. The topography of the perovskite layers is discussed in more detail in Sec 6.3.

As I assume that both specular and diffuse internal reflection at the per-

ovskite/air interface shape the absorptance in the perovskite layer, I weight the

absorptances obtained from the individual optical models (LT and TMM, see Fig.

B.2 in Appendix B) by introducing a haze factor pdiff according to

A(pdiff) = pdiffALT +(1−pdiff)ATMM. (6.12)

Haze parameters are commonly applied to describe scattering properties of e.

g. textured glass/transparent and conductive oxides substrates [200,201]. In order to

derive the relevant diffuse amount pdiff in the present samples, I rely on the measured

spectral photoluminescence. In so doing, I adjust pdiff, and consequently also the

simulated absorptance Afsi upon front side illumination, such that the simulated

emitted photon fluxes φPL(E) according to

φPL(E) ∝ Afsi(E)E2 exp[−E/(kBT )] (6.13)

(see Sec. 3.6.2) match the measured photoluminescence spectra. When assuming

that the absorptances saturates towards higher photon energies, I am able to de-

termine the sample temperatures by fitting the high photon energy shoulder of the

corresponding photoluminescence spectra based on Eq. 6.13. Therefore, I find that
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Figure 6.10: Measured steady-state photoluminescence spectra of perovskite films coated

on top of a 200 nm-thick (green squares) and a 2.3 nm-thin silicon dioxide layer (red

squares). The solid lines represent simulations of the spectra assuming different amounts

pdiff of internal diffuse light scattering at the air/perovskite interface: (a) pdiff = 0, (b)

pdiff = 0.7 and (c) pdiff = 1.

the temperatures of the samples during the steady state photoluminescence mea-

surements are both T ≈ 310K, which are needed for simulating emission spectra.

Measured steady-state photoluminescence spectra of both samples are shown

in Fig. 6.10 as open squares in green for the sample with the 200 nm-thick SiO2 layer
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and in red for the sample with the 2.3 nm-thin SiO2 layer, respectively. While a shift

in peak positions of ∼ 28meV is identified, the total photoluminescence intensities

differ by a factor of PL200/PL2 ≈ 2.5, which is also visible as an offset in the

transient photoluminescence data at t= 0 in Fig. 6.6. Both mentioned findings can

be explained by variations in the absorption onsets between the two layer stacks.

As the black body radiation flux is exponentially decreasing toward higher photon

energies, already seemingly marginal differences in absorptances in the small photon

energy range cause therefore tremendous variations in the intensity and shape of the

resulting emission fluxes φPL(E) in accordance with Eq. 6.13.

Figure 6.10 shows additionally the comparison of measured steady-state pho-

toluminescence spectra with findings from various optical simulations (solid lines)

based on Eq. 6.12 and 6.13 for different haze parameters pdiff, i. e. (a) pdiff = 0 when

applying solely the coherent TMM implying perfectly flat layers, (b) pdiff = 0.7, and

(c) pdiff = 1 when applying ideal Lambertian light trapping at the perovskite/air

interface. The best agreement between simulation and experiment is found when

assuming a diffuse share of pdiff = 0.7. This value is similar to the haze parameter

of pdiff = 0.5 used in optical simulations by van Eerden et al. [202] for a perovskite

film exhibiting a comparable surface root-mean-square roughness of Rrms = 50nm.

Adjusting the simulated photoluminescence spectra is the best estimate for deriving

the absorptances upon both front and back side illumination, which are needed for

the calculations of the probabilities pe, pa, and pr of photon outcoupling, parasitic

absorption, and photon recycling, respectively.

6.6 Photon probabilities and radiative fraction of

bimolecular recombination

The photon probabilities, which are derived in accordance to Eq. 6.9, 6.10 and 6.3,

are plotted in Fig. 6.11 (a) as a function of the diffuse amount pdiff of internal reflec-

tion. Light outcoupling with probability pe becomes more efficient with increasing

impact by light trapping (increasing pdiff) based on detailed balance arguments. As

the stack embedding the 200 nm-thick SiO2 layer exhibits a significantly higher back

reflectance Rb, this particular stack benefits from light trapping to a greater extent,
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which principally results in higher values of pe,200 compared to pe,2. The stack with

the 2.3 nm-thin SiO2 layer is designed in a way to particularly favor parasitic ab-

sorption in contrast to the sample exhibiting the 200 nm-thick SiO2 layer, leading

to pa,2 > pa,200. As the derived absorptances Absi vary only slightly among the ap-

plied optical models (see Fig. B.2), the relative changes of the probabilities pa of

parasitic absorption are small over the entire range of pdiff. As a consequence of the

above observations, light trapping in the sample with the 200 nm-thick SiO2 layer

causes a reduction in the probability pr,200 of photon recycling, while pr,2 is less

strongly affected and even slightly rises with increasing pdiff. The vertical dotted

line in Fig. 6.11 represents the situation of the best fit of the measured photolu-

minescence spectra when pdiff = 0.7. Keeping this value fixed, Fig. 6.12 illustrates

the spectral probabilities and their fundamental differences among the stacks with

(a) the 200 nm-thick SiO2 layer, and (b) the 2.3 nm-thin SiO2 layer, respectively.

Based on the absorption coefficient, which is shown as black dotted line, three re-

gions are identified. The first gray highlighted area (hν . 1.59eV) illustrates the

limit of weak absorption αd≪ 1, where light trapping typcially yields in a relatively

high absorptance gain if permitted by the stack design. The significant observed

difference in the probability of photon outcoupling pe,200 > pe,2 is the reason for

the measured variations of the photoluminescence intensities. Besides, coupling of

weakly absorbed light into the Si wafer is significantly different as pa,2 > pa,200. A

transition region in white (1.59eV . hν . 1.66eV) marks the rise of the absorption

coefficient α, before a grey highlighted saturation region begins for photon energies

hν & 1.66eV. Even in this regime, photon recycling in the stack with the 2.3 nm-thin

SiO2 layer is suppressed in favor of parasitic absorption.

Figure 6.11 (b) illustrates the photoluminescence intensity ratio PL200/PL2

based on Eq. 6.13 as well as the radiative fraction κ of the internal bimolecu-

lar recombination koefficient kint according to Eq. 6.7. For pdiff = 0.7 and, thus,

pr,200 ≈ 0.74 and pr,200 ≈ 0.44, I finally find a radiative fraction of κ≈ 0.66 (see also

Fig. 6.9). Therefore, a significant attribution of non-radiative recombination to the

bimolecular recombination is revealed. Richter et al. [189] combined transient spec-

troscopy measurements with findings from photoluminescence quantum efficiency

measurements and were able to state a similar value of κ≈ 0.74. Currently, there is

no clear understanding about the origin of such a non-radiative bimolecular recom-
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Figure 6.11: (a) Probabilities of photon outcoupling (pe), parasitic absorption (pa) and

photon reabsorption (pr) as a function of the diffuse amount of internal reflection pdiff at

the perovskite/air interface for a perovskite film on top of a 200 nm-thick (solid lines,

p200) and a 2.3 nm-thin (dashed lines, p2) silicon dioxide layer, respectively. (b) Photolu-

minescence intensity ratio (black line) and radiative fraction κ of the internal bimolecular

recombination coefficient kint (right y-axis, orange line) dependent on pdiff. The vertical

dotted line marks pdiff = 0.7, which shows the best agreement between simulation and

experiment.

bination channel. The existance of such a non-radiative mechanism is important for

photovoltaic research of organic inorganic perovskites as it sets an upper limit of

66% to the internal radiative luminescence quantum efficiency Qlum
i . Consequently,

resulting external LED quantum efficiencies QLED
e are even lower, which in turn af-

fects the maximum attainable solar cell efficiency (see Sec. 4.4 and 4.8). It should be

mentioned here that in contrast to the limitation of Qlum
i , laser cooling experiments
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6 Photon recycling investigated by time-resolved photoluminescence

Figure 6.12: Simulated probabilities of internally emitted photons for outcoupling (pe,

blue lines), parasitic absorption (pa, red lines) and photon recycling (pr, green lines) in

the cases of perovskite films coated on top of (a) a 200 nm-thick and (b) a 2.3 nm-thin

silicon dioxide layer, respectively. Here, the diffuse amount of internal reflection at the

perovskite/air interface is chosen to be pdiff = 0.7. Additionally, the absorption coefficient

α is depicted as black dashed line (right y-axis).

performed by Ha et al. [175] on perovskite single crystals suggest external radiative

quantum efficiencies beyond 90%. These obvious discrepancies could be related to

the sample type because e. g. distinctly higher defect concentrations by orders of

magnitudes are revealed in thin films compared to single crystals [171,182,203,204].

A possible cause of non-radiative bimolecular recombination is trap-assisted Auger

recombination [205–207], which is discussed in the following section.
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6 Photon recycling investigated by time-resolved photoluminescence

Figure 6.14: Trap-assisted Auger recombination rate RTA per defect density Nt as a

function of the excess-charge carrier concentration ∆n as black solid line. For the simula-

tion, defects are assumed to be located at a distance of Et = 0.116eV from the conduction

band, which is the case for lead vacancies. Furthermore, I consider here a p-type dop-

ing density of p0 = 3 × 1015 cm−3. Colorful dotted lines indicate regimes of predominant

monomolecular (RTA ∝ ∆n), bimolecular (RTA ∝ ∆n2) and trimolecular (RTA ∝ ∆n3)

recombination.

are the electron and hole concentrations, respectively. Here, ∆n represents the

excess-charge carrier concentration and n0 and p0 are the respective equilibrium

concentrations. Furthermore, the concentrations n1 = Nc exp[−Et/kBT ] and p1 =

Nv exp[−(Eg −Et)/kBT ] correspond to the values of n and p, respectively, when the

Fermi level lies at the trap depth Et, defined here with respect to the conduction

band edge Ec. Furthermore, the trap density is given by Nt. Figure 6.14 illus-

trates Eq. 6.14 as a function of the excess-charge carrier concentration ∆n, while

I consider p-type doping of concentration p0 = 3 × 1015 cm−3 and effective densities

of states in the conduction and valence bands of Nc = Nv = 7 × 1018 cm−3 based

on the findings in Tab. 4.4. Additionally, I assume a trap depth of Et = 0.116eV,

which corresponds to a lead vacancy in the perovskite structure (see Fig. 3.3). The

rate of Auger recombination involving interaction with defect states exhibits three

regimes with different dependencies on the excess-charge carrier concentration ∆n.

In the saturation region, i. e. ∆n ≫ n1, p0, . . . , the effective trap-assisted Auger
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6.7 Possible origin of non-radiative bimolecular recombination

Figure 6.15: (a) Coefficient Ct of trap-assisted Auger recombination as a function of

the trap depth Et with respect to the conduction band edge Ec. Vertical dashed lines

represent trap depths of various intrinsic defects according to Ref. [82, 83] (see also Fig.

3.3). (b) Trap density Nt for given trap depths Et that would be needed to provide a

non-radiative contribution to the internal bimolecular recombination coefficient resulting

in a radiative fraction of only κ = 0.66.

recombination rate stated in Eq. 6.14 simplifies

RTA =
(T1 +T2)(T3 +T4)Nt∆n

2

T1 +T2 +T3 +T4
= CtNt∆n

2. (6.15)

Ultimately, Auger recombination dynamics appear bimolecular and, thus, pro-

vide a non-radiative contribution. In order to quantify the amount of non-radiative

bimolecular recombination, Fig. 6.15 (a) illustrates the effective Auger coefficient Ct

as defined in Eq. 6.15 as a function of trap depth Et. As it is valid for Shockley-Read-

Hall statistics, also the Auger recombination rate via defects shows its maximum

for mid-gap traps, when detrapping of captured charge carries is least likely. The

vertical dashed lines represent intrinsic defect levels according to Fig. 3.3. In the

next step, I evaluate the defect density Nt, which has to be present in the samples

in order to provide a reduced radiative fraction of the internal bimolecular recombi-

nation coefficient of κ= 0.66, i. e. CtNt = (1−κ)kint. It is apparent from Fig. 6.15

(b) that a minimum trap density of Nt ≈ 9×1016 cm−3 is needed to fulfill the above

relation. However, lower trap densities of Nt ∼ 1016 cm−3 are reported in the litera-
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6 Photon recycling investigated by time-resolved photoluminescence

ture [203, 204] for perovskite thin films. Additionally, as the formation energies for

deep intrinsic defects are rather high (see Fig. 3.3), the formation of shallow defect

states becomes more likely in organic inorganic perovskites. In the context that even

higher densities are required for shallow traps to provide a substantial non-radiative

contribution to bimolecular recombination (see Fig. 6.15 (b)), trap-assisted Auger

recombination might not be the only reason why a radiative fraction of κ < 1 is

observed. Therefore, I find two possible scenarios. Either the approximations of the

transition coefficients T derived by Landsberg et al. [205] might not be applicable

to organic inorganic perovskites and, as a consequence, trap-assisted Auger coef-

ficients are somehow underestimated by orders of magnitudes, or there has to be

an additional, yet unknown cause which is mainly accountable for the limitation of

κ. However, further investigations are needed to unveil and quantify non-radiative

bimolecular recombination mechanisms in order to understand current limitations

of perovskite solar cells and develop strategies to circumvent eventual constraints.
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7 Conclusion and outlook

High luminescence quantum yields and long charge-carrier lifetimes make the emerg-

ing material class of metal halide perovskites an ideal system to apply time-resolved

photoluminescence. This non-destructive method measures the decay of (spectral or

overall) photoluminescence intensity emitted by the sample over time after tempo-

rary photo-generation of excess-charge carriers by a short laser pulse. In the course

of the measurement, charge carriers undergo separation and diverse recombination

processes leading to a continuous decrease in charge-carrier concentration, which is

reflected in the time-dependent intensity of the luminescence signal. Beside radiative

recombination, several non-radiative recombination processes are revealed in per-

ovskites: intrinsic, high-order mechanisms like radiative recombination and Auger

recombination exhibit the highest recombination rates for high carrier concentra-

tions (e. g. at short times after the excitation pulse). Consequently, a strong initial

photoluminescence decay is typically observed. On the contrary, extrinsic, low-

order trap-assisted Shockley-Read-Hall recombination is predominant when carrier

concentrations are low and the photoluminescence decay becomes rather moderate

at longer times. Therefore, the photoluminescence decay changes over becoming

moderate at longer times.

Beside unraveling various recombination mechanisms that shape the photo-

luminescence transients, I have focused in this thesis on the investigation of the

so called photon recycling effect by time-resolved photoluminescence. Photon recy-

cling refers to the self-absorption of photons, which have been generated by radiative

recombination of excited states, within the absorber material itself. As photon re-

cycling is directly linked with the radiative recombination process, the observed ra-

diative recombination rate in thin-film perovskites is actually the result of a delayed

internal radiative recombination rate modified by the mean number of photon recy-
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7 Conclusion and outlook

cling events an average photon will experience before it is statistically out-coupled

and can leave the absorber. I was able to prove the existence of photon recycling

in thin-film perovskites as the observed apparent radiative recombination rate can

be manipulated by modifying only the optical design of the sample stack; i. e. en-

hancing or lowering the probability of photon reabsorption in the absorber layer by

altering the light management in the stacks by means of the chosen surrounding

layers and their optical properties.

Like radiative and non-radiative recombination processes, also photon recy-

cling affects the open-circuit voltage of solar cells. Based only on the findings from

time-resolved photoluminescence, I have demonstrated how it is in general possible

to already predict the attainable open-circuit voltage, which the investigated per-

ovskite absorber layer embedded in a solar cell stack could ideally provide. This

approach helps to estimate the photovoltaic potential of any absorber layer based

on its material quality without the need of fabricating an entire solar cell first. Ad-

ditionally, I have revealed by simulating the optical findings that the bimolecular

recombination channel in thin-film perovskites is not 100 % radiative as previously

assumed. I was already able to exclude trap-assisted Auger recombination as pos-

sible physical cause of this severe non-radiative contribution. However, the origin

remains still unclear and should be subject of future research as it implies a limita-

tion of the photovoltaic potential of perovskite solar cells.

Perovskite single crystals have been investigated in this thesis by time-resolved

photoluminescence as a paramount system to study the relevance of photon recycling

as charge-carrier transport mechanism in more detail. As the reabsorption event

will be typically located at a different position within the thick sample compared

to the spot of the original radiative recombination event, photon recycling enables

charge-carrier transportation. I have detected spectrally narrow luminescence peaks

and sharp absorption onsets in perovskites indicating that an internally emitted

photons will travel on average only ∼ 1 µm before it is reabsorbed. Therefore,

photon recycling rather supports preserving charge carriers locally than actually

transporting them. I have identified diffusion as the dominant carrier transport

mechanism, which continuously tries to flatten the charge-carrier profiles. As the

the recombination zone expands over time mainly due to diffusion as quantified by
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simulation, reabsorption effects increasingly modify the recorded photoluminescence

spectra and cause spectral shifts during the transient measurements.

Within this thesis, I have demonstrated that time-resolved photoluminescence

obtained from metal halide perovskites can be applied to not only determine charge-

carrier lifetimes but also to identify and reveal fundamental charge-carrier processes

like recombination, photon recycling and separation. These processes are essen-

tial for the operation of photovoltaic and light-emitting devices and can indicate

efficiency limitations of perovskite devices.

149





A Appendix: Calculating

charge-carrier profiles in single

crystals

In order to simulate the time-resolved photoluminescence from perovskite single

crystals, the time-dependent charge-carrier profiles n(t) have to be calculated first.

The continuity equation

∂n

∂t
= G

ext(t)+
(

T −R+Gint
)

n, (A.1)

can be solved for n(t), when the external charge-carrier generation G
ext(t) and

the matrix operators for charge-carrier transport T , recombination R and photon

recycling Gint are known. Their computation is explained in the following sections.

A.1 Charge-carrier generation due to pulsed

excitation

The generation of charge carriers by an external source is taken into account by

introducing the time-dependent generation vector G
ext(t). In general, the overall

spatial charge-carrier concentration nini(x) can be derived from the total photon

density φphot of the pulsed laser light impinging on the sample. While I assume that

absorption obeys the Lambert-Beer law and, additionally, every incident photon

eventually generates an electron-hole pair, the excess charge-carrier concentration

nini(x) can be computed at the center xmk of each interval xk −xk−1 as
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A.2 Diffusive transport and surface recombination

with σ being the standard deviation and t0 the time at which the peak intensity is

reached. As a matter of fact, t0 can be chosen arbitrarily as I adjust the time scale

that the highest photoluminescence intensity is observed at t = 0. By comparing

transient photoluminescence experiments with simulations, I find a full width at

half maximum of the peak, which is linked to the standard deviation by FWHM =

2
√

2ln2σ, of FWHM ≈ 2ns.

A.2 Diffusive transport and surface recombination

Diffusion of charge carriers was previously discussed in Sec. 4.5 for the situation in

perovskite thin films. Diffusive transport becomes even more important in single

crystals as the previous assumption of a homogeneous carrier profile in the course

of the experiment becomes more and more invalid when the sample thickness is in-

creased from hundreds of nanometers (thin films) up to millimeters (single crystals).

One-dimensional diffusion is defined according to Fick’s second law by

∂n

∂t
=D

∂2n

∂x2
. (A.4)

The specific diffusion coefficient D is proportional to the charge-carrier mobility µ

based on the Einstein equation (see Eq. 4.23). For a linear spacing (∆x = const.),

the transport operator T in linear matrix notation shows the form

T =
D

∆x2



















−2 1 0 . . . 0

1 −2 1 . . . 0

0 1 −2 . . . 0
...

...
...

. . .
...

0 0 0 . . . −2



















. (A.5)

Here, the consistency error of discretization is on the order of O(∆x). For non-

uniform (logarithmic) spacing ∆xk+1 = r∆xk, the transport operator becomes
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A Appendix: Calculating charge-carrier profiles in single crystals

D
∂2n(x)

∂x2

∣

∣

∣

∣

x=xmk>1

=D

[

2n(xmk−1)

(∆xk +∆xk−1)∆xk−1
− 2n(xmk)

∆xk∆xk−1

+
2n(xmk+1)

(∆xk +∆xk−1)∆xk

]
(A.6)

For r being not much larger than one, the approximation retains first-order accuracy

O(∆x2) as for equidistant grids [209].

Additionally, I apply surface recombination conditions at the sample bound-

aries (x = xm1, x = xmN ) by establishing a recombination current. This current

equals the first (space) derivative of the charge-carrier concentration n at the surfaces

times diffusion coefficientD, and is proportional to the respective local charge-carrier

concentration n(x = xm1,xmN ) while the constant of proportionality is denoted as

surface recombination velocity S. For instance at the front side (surface which is

illuminated), the boundary condition reads

D
∂n(x)

∂x

∣

∣

∣

∣

x=xm1

=D
n(xm1)−n(xm0)

∆x0
= Sn(xm1). (A.7)

By mirroring the sample at the boundary x = 0 due to reflecting conditions, it

becomes apparent that ∆x0 will equal ∆x1. The occurring concentration n(xm0)

in Eq. A.7 can be eliminated in the second order derivative. Consequently, the

transport operator becomes

D
∂2n(x)

∂x2

∣

∣

∣

∣

x=xm1

=
−(S∆x1 +D)2n(xm1)+2Dn(xm2)

(∆x1 +∆x0)∆x1
, (A.8)

while charges which do not recombine at the front side will be reflected at the surface.

Thus for S = 0, the boundary condition becomes entirely reflecting.

A.3 Photon recycling scheme

A formalism that is able to describe photon recycling quantitatively in a linearly

spaced system was previously derived by Julian Mattheis [210]. The fundamentals

of the formalism are briefly explained in the following, which I adapt for a non-

uniform spacing. First, we have to find an expression for the internal generation
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A.3 Photon recycling scheme

rate δgint(E,xg) at a fixed position xg caused by radiative recombination with a rate

r(E,xr) at another fixed position xr. When charge carriers recombine radiatively,

they emit photons isotropically into all directions, i. e. into a solid angle of Ω =

4π. The three-dimensional problem can easily be treated by a one-dimensional

approach. Utilizing the spherical symmetry of radiation with the radius ρ defined

as ρ= |xg −xr|/cos(θ), the photon flux δφPL per solid angle interval dΩ emitted by

a thin layer with thickness δxr at position xr into direction θ is derived as

δφPL(E,xr,ρ) =
r(E,xr)

4π
δρ. (A.9)

As radiation is exponentially attenuated according to the Lambert-Beer law, the

generation rate δgint(E,xg,ρ) reads as

δgint(E,xg,ρ) =
α(E)r(E,xr)

4π
exp(−α(E)ρ)δρ. (A.10)

The recombination rate r(E,xr) in Eq. A.9 and A.10 can be expressed in terms of

the spectral radiative recombination rate r0(E) in thermodynamic equilibrium from

the van Roosbroeck-Shockley relation (Eq. 4.32) as

r(E,xr) = r0(E)
n(xr)p(xr)

n2
i

= 4πn2
r (E)α(E)φbb(E)

n(xr)p(xr)

n2
i

. (A.11)

In the next step, the spherical coordinates are transformed into cylinder coor-

dinates and, additionally, the perspective is changed as the point of generation xg is

now put into the center of the system. In order to obtain the total generation rate

δGint(xg,xr) at which carriers are generated at point xg by radiative recombination

between xr and xr +δxr, one has to integrate over all angles θ and ϕ, as well as over

all photon energies E. By making use of δρ= δxr/cos(θ), δGint(xg,xr) reads

δGint(xg,xr) =

∫

∞

0

α(E)r0(E)

4π

n(xr)p(xr)

n2
i

∫ 2π

0

dϕ

∫ π/2

0

exp

(−α(E)|xg −xr|
cos(θ)

)

× sin(θ)

cos(θ)
dθdEδxr.

(A.12)
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A Appendix: Calculating charge-carrier profiles in single crystals

Now we consider internal generation in a finite interval between xg = xi−1 and

xg = xi caused by radiative recombination within a second finite interval between

xr = xj−1 and xr = xj. By considering radiative interaction between two finite inter-

vals instead of between two discrete locations, the formalism becomes self-consistent

and ensures the conservation of photons and charge carriers. Eventually, to obtain

the total internal generation rate inside the center xmi of a particular interval from

recombination in the whole sample, the contributions from each single recombination

interval between xj−1 and xj have to be summed up:

Gint(xmi) =
N
∑

j=1

r0

2|xj −xj−1|
n(xmj)p(xmj)

n2
i

∫

∞

0

∫ π/2

0

∫ xg=xi

xg=xi−1

∫ xr=xj

xr=xj−1

α(E)

× exp

(−α(E)∆x(xg,xr)

cos(θ)

)

sin(θ)

cos(θ)
dxrdxgdθdE.

(A.13)

Here, the charge-carrier concentrations n and p are computed in the middle (index

m) of each interval between xj−1 and xj , and are assumed to be constant within

each interval for simplicity. The path of light ∆x(xg,xr) can either be a direct or

a reflected ray and corresponds to the respective distances between the intervals xg

and xr. In the simulations, I consider paths of light corresponding up to a maximum

of 100 reflections. In doing so, I assume flat crystal surfaces and a reflectance of

R= (nr −1)2/(nr +1)2 ≈ 0.17 given a refractive index of nr = 2.4 [211]. Additionally,

based on Snell’s law, I take account of total internal reflection at the surfaces for

radiation emitted into angles θ ≥ arcsin(1/nr) ≈ 24.6◦. For solving Eq. A.13, the

interested reader is referred to the PhD thesis of Julian Mattheis [210]. With this

formalism, the amount of re-absorbed charge carriers in each sample segment due to

radiative recombination in the whole sample can be computed provided the spatial

charge-carrier profile is known. Eventually, the internal generation matrix Gint reads

Gint =
1

4πτrad















f11 f12 . . . f1N

f21 f22 . . . f2N
...

...
. . .

...

fN1 fN2 . . . fNN















, (A.14)

where fij are the respective radiative interaction functions between the recombi-
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A.4 Bulk recombination

nation intervals and generation intervals and τrad is the radiative lifetime in the

respective recombination intervals.

It should be noted here that the one-dimensional treatment of the photon

recycling process is an idealized approach. In reality, the excitation area is not

infinitely large and photons internally emitted in lateral directions are able to exit

the probed spot without ever entering it again. Therefore, the photon recycling

effect could be overestimated by simulations and the derived value of the internal

radiative recombination coefficient kint
rad = 5.5 × 10−11 cm3 s−1 stated in Tab. 5.1

should be considered as a lower limit.

A.4 Bulk recombination

In single crystals, I also take bulk recombination processes into account. As pre-

viously described in Sec. 4.1, these consist of trap-assisted Shockley-Read-Hall,

radiative and Auger recombination. The effective bulk lifetime τbulk defines the

overall impact of bulk recombination on the excess-charge carrier concentration (see

Eq. 4.19). The bulk recombination operator R is an identity operator and, therefore,

maps a function (here: n(t)) onto itself and reads

R =
1

τbulk















1 0 . . . 0

0 1 . . . 0
...

...
. . .

...

0 0 . . . 1















. (A.15)
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B Appendix: Optical simulation of

thin layer stacks

Optical simulations were performed to derive absorptances of the thin layer stacks

described in Chap. 6. Here, I used two approaches: 1) A coherent transfer matrix

method (TMM), which is valid for simulating flat layer stacks and 2) an incoherent

light trapping (LT) model based on analytical expressions derived by Green [199].

By the use of the latter optical model, I take ideal Lambertian light scattering at

the rough perovskite/air interface into account. All other interfaces are considered

to be flat.

The optical data, namely the refractive indices nr and the extinction coeffi-

cients k, of the materials used in the optical simulations are depicted in Fig. B.1.

Here, silicon dioxide is assumed to be a non-absorbing material (kSiO2
= 0). Please

note that for the simulations of the absorptance Absi upon back side illumination

(from the Si halfspace), I have to set the extinction coefficient of Si to zero.

B.1 Coherent simulation of flat layer stacks

For the calculation of absorptances of flat layer stacks as illustrated in Fig. 6.1,

I use the TMM Python software package [212]. Figure B.2 shows the resulting

absorptances of the perovskite layers as solid lines. Internal specular reflection at the

perovskite/air interface does not enhance the effective light path and slight changes

in the absorptances in the low energy region as seen in Fig. B.2 (a) upon front side

illumination are mainly attributed to the modified back reflection when changing the

SiO2 layer thickness. Upon back side illumination, light is more efficiently coupled

into the perovskite film when the thickness of the intermediate, low refractive SiO2
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B Appendix: Optical simulation of thin layer stacks

Figure B.1: Optical parameters, i. e. (a) refractive index nr and (b) extinction coefficient

k, of silicon [97] (orange lines), perovskite (cyan lines) and silicon dioxide [97] (purple line)

used for the simulations. Silicon dioxide is assumed to be optically transparent (kSiO2
= 0).

layer is drastically reduced. Therefore, the absolute absorptance values in saturation

differ significantly in Fig. B.2 (a). Furthermore, highly resonant modes are identified

in the absorptance A200 due to the embedding of the high refractive perovskite layer

between two adjacent media (air and SiO2) each with a lower refractive index. At

the photon energies of these observed spikes, the spectral probabilities pa(E) of

parasitic absorption reach values above one. In reality, flat perovskite layers are not

achieved by spin coating (see Sec. 6.3), which are a prerequisite for the formation

of waveguides. Small surface roughnesses can lead to a significant attenuation of

resonant modes. For this reason, I determine the baseline of A200 by smoothing,

which is shown as green dashed line in Fig. B.2 (b). That way, simulated resonant
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B.2 Incoherent Lambertian light scattering

Figure B.2: Simulated absorptances A for perovskite films coated on top of a 200 nm-

thick SiO2 layer (A200, green lines) and a 2.3 nm-thin SiO2 layer (A2, red lines) upon (a)

front side illumination and (b) back side illumination. The solid lines represent simulations

according to a coherent transfer matrix method, while the lines with the open circles mark

simulations including incoherent light trapping. The green dashed line in (b) indicates the

baseline of the green solid line.

modes are suppressed and spectral values of pa(E)> 1 are avoided. This procedure

reduces the overall probability pa of parasitic absorption by a total of only ∼ 0.025.

B.2 Incoherent Lambertian light scattering

In the following, I take Lambertian light scattering at the rough perovskite/air in-

terface (see Sec. 6.3 for perovskite surface morphologies) into account. Thus, the
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B.2 Incoherent Lambertian light scattering

Rf,text = 1−

∫ π/2

0
[1−Rf(θ)]cosθ sinθdθ

∫ π/2

0
cosθ sinθdθ

, (B.2)

when weighting over all polar angles 0 ≤ θ≤ π/2. Rb is the effective back reflectance,

which is simply the reflectance at the perovskite/Si interface in the case of the layer

stack with the 2.3 nm-thin SiO2 layer. On the other hand for the stack with the 200

nm-thick SiO2 layer, the back reflectance is caluculated as

Rb(θ) =Rb1(θ)+
[1−Rb1(θ)]Rb2(θ2) [1−Rb1(θ2)]

1−Rb1(θ2)Rb2(θ2)
, (B.3)

where θ2 is the respective angle of refractive light rays in medium 2 (SiO2) according

to Snell’s law. For the definitions of the reflectances Rb,1 and Rb,2, the reader is

guided to the illustration of Fig. B.3. Reflectances at any interface are calculated

based on the assumption of an equal mixture of s-polarized and p-polarized light

following the Fresnel equations

Rs-pol(θ) =

(

nr,1 cosθ−nr,2 cosθ2

nr,1 cosθ+nr,2 cosθ2

)2

(B.4)

Rp-pol(θ) =

(

nr,2 cosθ−nr,1 cosθ2

nr,2 cosθ+nr,1 cosθ2

)2

. (B.5)

The total back reflectance Rb is appropriately weighted by [199]

Rb =

∫ π/2

0
Rb(θ)exp(−αd/cosθ)cosθ sinθdθ

∫ π/2

0
exp(−αd/cosθ)cosθ sinθdθ

. (B.6)

Here, α and d represent the absorption coefficient of perovskite and the layer

thickness, respectively. Upon front side illumination under the incident angle θ,

light rays are randomly scattered while entering the perovskite film. Therefore, the

transmittances of the downward (Tdown) and the upward (Tup) hemispherical photon

flux are given by [199]
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Tdown =

∫ π/2

0
exp(−αd/cosθ)cosθ sinθdθ

∫ π/2

0
cosθ sinθdθ

(B.7)

Tup =

∫ π/2

0
Rb(θ)exp(−2αd/cosθ)cosθ sinθdθ

∫ π/2

0
Rb(θ)exp(−αd/cosθ)cosθ sinθdθ

. (B.8)

Now I address the calculation of the absorptance Absi upon back side illumi-

nation. Please note that light is scattered for the first at the front surface only after

being coupled from the Si wafer into the perovskite layer (1 −Rb,I) and after be-

ing transmitted according to the first upward directed transmission process (Tup,I).

Therefore, the absorptance Absi reads

Absi = (1−Rb,I)(1−Tup,I)+
(1−Rb,I)Tup,IRf,text [1−Tdown +TdownRb(1−Tup)]

1−TupRf,textTdownRb
,

(B.9)

where the respective back reflectances Rb,I and Rb are taken into account for the

two different samples.

The simulated absoptances according to Eq. B.1 and B.9 are shown in Fig.

B.2 as lines with open circles. Light trapping improves light incoupling and, as a

consequence, the absorptance Afsi upon front side illumination is increased in the sat-

uration region compared to the simulation results based on the flat layer approach.

The absorption onset of A200 compared to A2 is significantly shifted towards lower

photon energies, because the stack with the 200 nm-thick SiO2 layer benefits from

the light trapping effect to a higher extend than the other stack embedding the 2.3

nm-thin SiO2 layer. To understand this finding, I show the corresponding internal

reflectances in Fig. B.4. A textured surface causes a high internal reflectance for

diffuse light with values of Rf,text > 0.8. While the back reflectance Rb,200 is con-

siderably higher than Rb,2 due to the different optical design of the stacks, incident

light is more efficiently trapped inside the stack with the 200 nm-thick SiO2 layer

resulting in an increased absorptance in the low absorbing region and, thus, a red-
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B.2 Incoherent Lambertian light scattering

Figure B.4: Spectral internal reflectances at different interfaces: diffuse reflectance Rf,text

(blue dotted line) at the rough perovskite/air interface, total specular back reflectance

Rb,200 (green solid line) taking a 200 nm-thick SiO2 layer into account, and specular back

reflectance Rb,2 (red solid line) at an effective perovskite/Si interface when neglecting the

2.3 nm-thin SiO2 layer in the optical simulations.

shift of the absorption onset. The absorptances Absi upon back side illumination

(see Fig. B.2) are similar for the two optical models, because light scattering and as

a consequence thereof light path enhancement are just realized after the first tran-

sition process through the entire layer stacks. The lower back reflectance Rb,2 (red

line in Fig. B.4) facilitates efficient light coupling into the perovskite film leading

to a higher saturated absorptance A2 than A200 at high photon energies.
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Abbreviations and symbols

α Absorption coefficient

Γ Gamma function

∆n Excess-charge carrier concentration

∆ns Excess-charge carrier concentration at the surface

∆µ Quasi-Fermi level splitting

εin Étendue of incident light

εout Étendue of outgoing light

η Energy conversion efficiency

θ Polar angle; also diffraction angle

θc Critical angle of total internal reflection

κ Radiative fraction of the internal bimolecular recombination

coefficient kint

λ Wavelength

µ Charge-carrier mobility

µ∗ Reduced Fermi energy

µn Electron mobility

µp Hole mobility

σ Electrical conductivity; also hybrid orbital

τ Charge-carrier lifetime

τbulk Bulk lifetime

τeff Effective lifetime

τmono Lifetime extracted from the monoexponential photoluminescence

decay

τn Electron lifetime in the Shockley-Read-Hall model

τnrad Non-radiative lifetime
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Abbreviations and symbols

τp Hole lifetime in the Shockley-Read-Hall model

τrad Radiative lifetime

τs Surface lifetime

τSRH Shockley-Read-Hall lifetime

τSRH,eff Effective Shockley-Read-Hall lifetime

φem Emitted photon flux

φexc Excitation fluence

φin Incident photon flux

φbb Black body radiation

φphot Photon density

φPL Spectral photoluminescence flux

φPL,bsi Spectral photoluminescence flux upon back side illumination

φPL,fsi Spectral photoluminescence flux upon front side illumination

φsun Solar spectrum

ϕ Azimuthal angle; also phase

ψ Wave function

Ω Solid angle

A Absorptance

c Speed of light in vacuum: 2.9979×108 ms−1

C Sum of individual Auger recombination coefficients: C = Cn +Cp

Cn Auger recombination coefficient for electrons

Cp Auger recombination coefficient for holes

Ct Effective trap-assisted Auger recombination coefficient

d Thickness

dhkl Atomic plane distance with respect to the Miller indices hkl

D Diffusion constant

D(E) Density of states

E Energy

Eact Activation energy

Eb Binding energy

Ec Energy level of conduction band

Eg Band gap energy
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Egs Ground state energy

Ephon Phonon energy

Et Trap depth

Etrap Defect level

Ev Energy level of valence band

E0 Urbach energy

f Frequency

Fj Fermi-Dirac integral

FF Fill factor

Gext External generation rate

G
ext External generation vector

Gint Internal generation rate

Gint Internal generation operator

h Planck constant: 4.1357×10−15 eVs

H Hamiltonian

H ′

if Transition matrix element

h̄ Reduced Planck constant h̄= h/(2π)

IPL(t) Photoluminescence intensity over time

IPL,norm(t) Normalized photoluminescence intensity over time

j Current density

J rad
0 Radiative saturation current density

Jsc Short-circuit current density

k Extinction coefficient; also wave vector and bimolecular

recombination coefficient

kB Boltzmann constant: 8.6173×10−5 eVK−1

kext External bimolecular recombination coefficient; the sum of kext
rad

and knrad

kext
rad External radiative recombination coefficient; the modification of

kint
rad by photon recycling

kint Internal bimolecular recombination coefficient; the sum of kint
rad

and knrad

kint
rad Internal radiative recombination coefficient

knrad Non-radiative bimolecular recombination coefficient
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Abbreviations and symbols

Ld Diffusion length

LPR Self-absorption length

mj Joint effective mass

m∗

j Joint effective mass in terms of the electron rest mass

m0 Electron rest mass: 9.1095×10−31 kg

n Electron concentration

n Charge-carrier profile

ni Intrinsic charge-carrier concentration

nr Refractive index

n0 Equilibrium electron concentration

Nc Effective density of states in the conduction band

Nt Trap density

Nv Effective density of states in the valence band

p Hole concentration

pa Probability of absorbing a photon parasitically

pdiff Haze factor

pe Photon outcoupling probability

pr Probability of reabsorbing a photon

p0 Equilibrium hole concentration

Pmax Maximum attainable power density of a solar cell

P0 Irradiated power per unit area

q Elementary charge: 1.6022×10−19 C

QLED
e External LED quantum efficiency

Qlum
i Internal luminescence quantum efficiency

r Ion radius

r Position vector

R Recombination rate; also reflectance

R Recombination operator

Rnrad Non-radiative recombination rate

Rrad Radiative recombination rate

Rrad
0 Internal radiative recombination rate

Rrms Root-mean-square roughness

Rs Volume-related Shockley-Read-Hall recombination rate
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R̃s Shockley-Read-Hall recombination rate at the surface

RTA Trap-assisted Auger recombination rate

RH Relative humidity

S Surface recombination velocity

Sf Front surface recombination velocity

Sn Surface recombination velocity for electrons

Sp Surface recombination velocity for holes

Sr Rear surface recombination velocity

S(T ) Seebeck coefficient

Scell Active cell area

t Time; also Goldschmidt tolerance factor

tpump Delay time after pump pulse in OPTP

T Temperature

T Transport operator

V Voltage

Voc Open-circuit voltage

V rad
oc Radiative limit of the open-circuit voltage

wif Transition rate between two energy levels (initial and final state)

x Position

xg Position of charge-carrier generation event

xr Position of radiative recombination event

AFM Atomic force microscopy

ASA Advanced semiconductor analysis; device simulating software

CIGS Copper indium gallium selenide; solar cell material

CW Continuous wave

DMF Dimethylformamide; polar solvent

DPS Diphenylstilbene; dye used for lasing purposes

FC-75 Fluorocarbon derivate of tetrahydrofuran; solution used for PDS

FWHM Full width at half maximum

GBA γ-butyrolactone; solvent

HLI High level injection

ICCD Intensified charge-coupled device
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Abbreviations and symbols

ITO Indium tin oxide; transparent and conductive electrode material

LED Light emitting device

LLI Low level injection

LT Light trapping

MAI Methylammonium iodide; precursor for the fabrication of

perovskites

MAPI Methylammonium lead iodide; perovskite material

MCP Microchannel plate

OPTP Optical pump terahertz probe

PCBM [6,6]-phenyl-C61-butyric acid methyl ester; electron transport

material

PDS Photothermal deflection spectroscopy

PEDOT Poly(3,4-ethylenedioxythiophene); hole transport polymer

PL Photoluminescence

PR Photon recycling

SEM Scanning electron microscope

Spiro-OMeTAD 2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-

spirobifluorene; hole transport material

SQ Thermodynamic device limit named after Shockley-Queisser

SRH Non-radiative recombination mechanism named after

Shockley-Read-Hall

TMM Transfer matrix method

TRPL Time-resolved photoluminescence

UV Ultraviolet

XPS X-ray photo-electron spectroscopy

XRD X-ray diffraction

ZnO-NP Zinc oxide nanoparticles; electron transport material
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